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Temperature and soil moisture (SM) are the two main environmental factors
affecting sweetpotato growth and yield. Quantitative functional algorithms of plant
growth and developmental processes under a wide range of above factors are needed for
developing tools for modeling. Four experiments were conducted to quantify early and
late season SM and temperature effects on sweetpotato growth, development, and
physiology. In experiment I, effects of five SM levels were evaluated in a greenhouse
using cultivars, Beauregard and Evangeline. Experiment II was conducted to evaluate
late-season SM effects with four evapotranspiration (ET) based irrigation. In experiment
III, five temperatures were imposed at early season (0-59 days after transplanting
(DAT)). Late season temperature effects were evaluated with four day/night temperatures
from 17 to 91 DAT, in experiment IV. Experiments II, III, and IV were conducted in soil
plant atmosphere research facility using Beauregard. Growth, developmental, and
physiological parameters were measured. Rate of storage root (SR) development of both
cultivars showed a quadratic decline with decreasing SM. Soil moisture optima for SR
initiation were 0.168 and 0.199 m3 m-3, equivalent to 63 and 75% field capacity (FC), for

cultivars Beauregard and Evangeline, respectively. Shoot biomass declined more rapidly
than root with declining SM. Results revealed that, maintaining SM closer to FC during
early season is beneficial for early development of root and shoot. Storage root biomass
declined quadratically with declining irrigation. The optimum irrigation was 72% of ET
and less biomass was partitioned to SRs above that level. Early season temperature study
revealed, SR conversion efficiency increased quadratically and reached optimum at
23.9°Cwith increasing temperature. Maximum rate of SR initiation was reached at
29.5°C in 16.7 d. Biomass partitioned to roots declined linearly with increasing
temperature. The SR production efficiency declined from 0.43 to 0.08 g SR kg-1 total
weight, and dropped by 81% relative to optimum temperature. The SR fresh weight at
high temperature declined 99% relative to optimum temperature. High temperature
during mid- and late-seasons partitioned more biomass to shoots, less to roots lowering
SR yield. The functional algorithms developed are vital to make management decisions
and to develop crop models.
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CHAPTER I
INTRODUCTION

Currently, the world is facing great challenges to produce adequate food and other
basic services for its 7.2 billion people. With rapid global population growth and
changing demand from a larger and more affluent population, food demand further
increases and the challenge becomes more intensified. By year 2050, world population
has been projected to reach up to 10.75 billion (U.N. Population Division, 2008) and food
producers will experience a greater competition for land, water, and energy (Millennium
Ecosystem Assessment, 2005). Also, the long run reduction in the occurrence of global
under-nutrition has slowed down since year 2007, as a result of pressures on food prices,
economic volatilities, extreme climatic events, and changes in diet and further pressure
on the global food system is expected to build in the future (Wheeler and Braun, 2013).
According to Bruinsma (2003) demand for agricultural products is estimated to increase
50% by year 2030 as global population increases. On the top of these issues, the effects
of climate change further exaggerate the issues related to food production for growing
population ensuing slow down the progress towards a world without hunger.
Climate change could be a consequence of natural causes, from anthropogenic
activities through the emission of greenhouse gases such as carbon dioxide and methane,
and from changes in land use (Bruinsma, 2003). Atmospheric carbon dioxide levels have
increased from about 284 ppm in 1832 to 397 ppm in 2013, and there is a theoretical link
1

between the levels of such greenhouse gases in the atmosphere and global warming
(Wheeler and Braun. 2013). It has been found that there is strong evidence from
anthropogenic causes for the observed temperature rise mainly caused by burning fossil
fuels, with smaller contributions from land-use changes (Tans and Keeling,
2013).Therefore, climate change is predicted to bring warmer temperatures, changes to
rainfall patterns, and increased frequency, and severity of extreme weather. There is a
significant body of evidence that show the earth has warmed since the middle of the 19th
century. According to Hansen and Sato (2004), global surface air temperature has
increased by more than 0.6°C since the industrial revolution. It has been projected that
with the current rate of increase in greenhouse gases, the earth’s surface temperature will
increase from 1.5 to 11°C by year 2100 (Stainforth et al., 2005).
Agriculture is naturally sensitive to climate variability and change. Anthropogenic
climate change due to emission of greenhouse gasses is expected to directly affect crop
production systems for food, feed, or fodder, to influence livestock health, and to change
the pattern and balance of trade of food and food products (Bruinsma, 2003). This impact
will differ with the extent of warming and associated changes in rainfall patterns as well
as from one location to another. Further, the impact of climate change on future crop
production from the predicted climate change have been proven by many field, controlled
environment, and modeling based research studies (Lobell et al., 2011). In production
agriculture, the amount and intensity of rainfall, temperature, and solar radiation received
vary in every season. Consequently, these weather variables will affect plant growth at all
stages of crop development(Lewis et al., 2000).
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Changes in environmental conditions have substantial impact on agricultural
production and productivity. Any environmental variableinfluencing beyond its normal
range to adversely affecting the plant performance or its physiology in a significant way,
are known as abiotic stressors. Crops, in general, cannot achieve their full genetic
potential even under best crop management conditions due to environmental stressors
(Reddy et al., 2008). Abiotic stress conditions cause extensive losses to agricultural
production globally (Mooney et al., 1991).Previous studies have also shown that abiotic
stressors are at their most harmful when they occur together, in combinations of abiotic
stress factors. Reddy et al. (2008) highlighted that when crop plants exposed to multiple
abiotic stress factors, they affect crop growth, development, and physiological processes
multiplicatively, but not additively. Solar radiation, temperature, atmospheric [CO2], soil
water, and nutrients are the major abiotic factors affecting crop performance. Among
them, drought and temperature are the two key stress factors affecting global crop
production and productivity (Boyer, 1982). Each of these environmental factors, when
available at their optima, would result in achieving maximum potential yield or biomass.
Any deviation from the defined optima of a given environmental variable (sub- or supraoptimal) could negatively affect growth, development, and final yield.
Sweetpotato (Ipomoea batatas [Lam.]) L), a C3 crop in the Convolvulaceae
(morning glory) family is a major root crop and ranked as the 7thmost important crop in
the world next to wheat, rice, maize, potato, barley, and cassava (Mukhopadhyay, 2011).
Among root crops, it is the second most important crop after cassava (Peters and
Wheatley, 1997). As the crop constitutes a substantial source of carbohydrate and
carotene it gained greater popularity in recent years (FAO, 2002). It is the staple crop of
3

most African countries and grown all over the tropical and sub-tropical regions of the
world, across cultures and continents (Huaccho and Hijmans, 2000). It is an ancient crop
developed within prehistoric civilization of central and South America and believed to be
originated in Peru region in the Central American subcontinent and spread across the
world later (O’Brien, 1972). In the future, this crop may be well grown in space, as
suggested by preliminary ground-based experiments and experiments under microgravity
conditions aboard in a US space shuttle because of its indeterminate and plastic growth
habit and its multi-purpose uses (Mortley et al., 1998).
Most of the sweetpotatoes in the world are grown in developing countries
reflecting it as a subsistence crop. China is the largest producer of sweetpotatoes,
growing 75% of the world’s sweetpotatoes as of 2012. Interestingly, out of the top 20
countries that produce sweetpotatoes, only five of them are in the top 20 exporting
countries by volume of sweetpotatoes (USDA, 2013). Within the global sweetpotato
economy, the USA is ranked 12th out of 117 countries and territories as of 2009 in the
production of sweetpotatoes. However, USA is the number one sweetpotato exporting
country with China as a number two (USDA, 2011).
In the USA, sweetpotato is gaining importance because of health conscious
consumers and the availability of value added processed products, which ultimately
increased the demand (Christopher et al., 2010). Per capita consumption of sweetpotato
in the USA has increased over 24% from 1998 to 2008 (Lucier and Dettman,
2008).Sweetpotato production in the USA is predominant in the southern states as a
vegetable crop and has become a vital agri-business (USDA, 2004) which earned more
than $500 million to the country’s economy in 2012 (USDA, 2013).The main southern
4

USAstates which grow sweetpotato include, North Carolina, Louisiana, Mississippi, and
California and exceeds more than 48,000 ha (USDA, 2013). From these states,
Mississippi ranked as the third largest producer, contributing 14% of nation production
following North Carolina (42%) and California (28%) in year 2013 and third in planted
hectarage with more than 8,000 ha in year 2013. The average yield of Mississippi
recorded in year 2012 was 20 tons per ha and earned more than $62 million from the crop
harvested (USDA, 2013).
Sweetpotato is a dicotyledonous, herbaceous plant (Schulthesis and Wilson, 2000)
that can be propagated using storage roots, stem cuttings, and seeds,but vine cuttings are
most commonly used for propagation of sweetpotato (Huaman and Zhang, 1997). Some
cultivars of sweetpotato produce flowers (monoceous) and others do not (Schulthesis and
Wilson, 2000). The chromosome number in sweetpotato is 90, indicating a hexaploid
species with a basic chromosome number of 15 (Schulthesis and Wilson, 2000). The
plant type is a vine system with twining and cylindrical stems that expand rapidly on the
ground (Norman et al., 1995). Leaves are horizontal, prostrate and highly variable in their
morphology (Brown, 1992; Purseglove, 1968). They are spirally and alternatively
arranged on the vines.
The selection of varieties to cultivate depend largely on how the storage roots are
utilized, whether as a food either directly or in processed forms. Preference for varieties
even for food also varies among and even within countries (Carpena, 2009). In the US,
the main variety in terms of acreagecultivated is Beauregard, occupying about 60 to
65%of the sweetpotato production area and other major varieties includes Evangeline,
Covington, Jewel, and Orleans (Carpena, 2009). Compared to Beauregard, Evangeline is
5

more resistant to root-knot nematode infestation and has higher sucrose content in storage
roots(LaBonte et al., 2008).
Even though sweetpotato is capable of adapting to different environmental
conditions (Martin, 1988), productivity is constrained by various abiotic stresses as in
many other crops (Boyer, 1982). Among many abiotic stressors, temperature and soil
moisture at critical phenophases such as storage root initiation and bulking have more
impact on the final sweetpotato storage root yield because they directly affect gas
exchange processes through a myriad of plant growth and developmental processes
including canopy development.
Temperature is one of the primary environmental regulators of crop growth and
development with significant effects on yield and quality. Crops have basic requirements
to complete their life cycle orspecific pheno-phases. Therefore, cardinal temperatures
(minimum, optimum, and maximum) vary between crop species and among the
physiological processes within a crop species. Changes in air temperature are mostly very
sudden and plants cannot adjust to these changes to avoid damages. Temperature
extremes (high and low) can have detrimental effects on crop growth, development, and
yield particularly at critical phenophases (Luo, 2011). Many plants suffer physiological
injury when subjected to low temperatures (1 – 10°C) and there is also some evidence
that low temperature has an immediate effect on cellular metabolism in sensitive tissues
(Zhang et al., 2011). Similar to low temperature injury, high temperature also negatively
affects plant growth, survival, and crop yield. According to Lobell and Asner (2003) each
degree centigrade increase above average growing season temperature may reduce crop
yield by up to 17%. The optimum temperature differs not only for individual organisms,
6

but also for particular organs of the same organism, where leaf function are disturbed at
42°C and lethal effects on active shoot tissues generally occur in the range of 50 to 60°C
(Mavi and Tupper, 2004). Among many factors contributing negative correlation between
crop yield and the average temperature, effect of physiological processes especially
photosynthesis have a greater degree of contribution to yield reduction (Haldimann and
Feller, 2004). Therefore, both sub-optimal and supra-optimal temperatures and extreme
conditions have deleterious effects on crop growth, development, and yield. Among
many deleterious effects experienced from temperature are growth reduction, decrease in
photosynthetic rate, and increase in rate of respiration, changes in assimilate partitioning
towards sinks such as fruits and storage roots, osmotic or oxidative damage, reduced
water and ion uptake/movement, and cellular dehydration (Schwarz et al., 2010).
In sweetpotato, in addition to the alteration of gas exchange and other
physiological processes, high air temperature causes reduction in storage root formation
and growth through the changes in phyto-hormones synthesis and activation (Ravi and
Indira, 1999).Villordon et al. (2012) emphasized that the early-season (first 20 days)
growing environment has a direct and significant impact on storage root initiation and
thus storage root yield. Temperatures at storage root initiation and bulking are more
crucial in governing the final crop yield. Therefore, temperature stress is one of the most
crucial delimiters on crop growth and development (Wrigley et al., 1994) and causes
irreversible damages to the plant processes affecting final yield, including sweetpotato.
Sweetpotato storage root initiation and development is a complex process
characterized by the cessation of root elongation, primary and secondary cambia growth,
increase of radial growth or bulking by increased rate of cell division, cell proliferation,
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and cell expansion, associated with the deposition of starch (Ravi et al., 2009). These
multiple processes are mediated by the interaction of multiple phyto-hormones and
coordinated by expression of several genes which ultimately are influenced by
environmental and soil factors (Ravi et al., 2009). Among environmental factors, high air
temperature causes reduction in storage root numbers and growth through the changes in
phyto-hormones synthesis, activation (Ravi and Indira, 1999), and dry matter partitioning
and tuber growth in both sweetpotato and potato (Solanumtuberosome) (Van Dam et al.,
1996). The optimum temperature and the effect of temperature on various sweetpotato
growth and developmental processes reported in the literature are contradictory. Some
argues that night air temperature is critical for storage root initiation, growth, and bulking
(Ravi and Indira, 1999), whereas others argue daytime air and average air temperature is
crucial for the above mentioned processes in sweetpotato (Chan, 1988).Night air
temperature lower than 15°C suppresses storage root formation, growth, and yield
(Janssens, 1984) and higher than 25°C suppresses storage root formation while
promoting shoot growth (Chan, 1988). According to Dupooly and Dupooly (1989), air
temperature above 30°C, an increase in indoleacetic acid oxidase activity causes
reduction in storage root formation and growth, while an increase in gibberellic acid,
promotes shoot growth. Average soil temperatures more than 30°C promotes shoot
growth at the expense of storage root growth (Dupooly and Dupooly, 1989). Very high
temperature affects all stages of sweetpotato development, but storage root initiation and
bulking are more sensitive. Limited studies have been conducted to isolate and quantify
the effects of temperature on sweetpotato growth and developmental characteristics
across wide range of temperatures. Also, the storage root development at early stage and
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subsequent growth (bulking)at latter stages are sensitive to temperature and need to be
fully addressed.Therefore, it is imperative to quantify the crop plant responses to a wide
range of temperature and soil moisture in order to optimize the management decisions, to
develop crop models, and to enhance the final yield.
Drought is a dry weather condition for an extended period of time, characterized
by a shortage of water supply to plants and causes extensive losses to agricultural
production worldwide (Acquaah, 2007). Drought affected areas are expanding and the
trend has accelerating in recent years (Delmer, 2005). This trend will not only modify the
spatial distribution of rainfall, but also increase the intensities of heat and drought in the
future climate (Giorgi and Lionello, 2008). Currently, one third of the total world
cultivated area experiences insufficient water supply (Massacci et al., 2008),and future
world crop production will be significantly affected by any changes in climate that cause
reduction of fresh water resources. There is a negative correlation between worldwide
crop yields and recent changes in pattern of temperature and precipitation (Lobell and
Field, 2007; Giorgi and Lionello, 2008).
Water is the primary component of active plant nutrient transport, cell reactions,
cell expansion, and transpiration of growing plants (Gardner and Gardner, 1983). Similar
to temperature, both sub-optimal and supra-optimal soil moisture and excessive soil
moisture or water logging conditions have deleterious effects on crop growth,
development, and yield. When plants exposed to soil moisture deficit, it reduces cell
turgor and cell enlargement, closes stomata thus affecting gas exchanges, decreases the
rate of photosynthesis per unit of leaf area, and shortens the vegetative growth period
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(Van Loon, 1981). Also, plant changes its root to shoot biomass ratio as one of the
mechanisms to adapt to drought (Turner, 1997).
In higher plants, the photosynthesis process is sensitive to drought (de Souza et
al., 2005) and temperature (Camejo et al., 2005) and therefore these factors can limit crop
productivity. Under mild to moderate soil moisture stress, both transpiration and
assimilate rate are reduced due to stomatal regulation (Medrano et al., 2003). The
consequences of severe soil moisture stress includes non-stomatal limitation such as
decayed electron transport, reduced RuBP regeneration capacity (Medrano et al., 2003),
and oxidative stress damages (Flexas et al., 2006). During the gas exchange process,
stomata starts to close at midday to avoid excessive water loss, resulting limited
transpiration and plant cannot cool the leaf temperature effectively. Increase in leaf
temperature above 20°C of ambient temperature increases the risk of oxidative stress
inducing damages to PSII (Loveys et al., 2004), protective metabolic changes such as
expression of heat shock proteins (Momcilovic and Ristic, 2007), and anatomical changes
in the leaf mesophyll and therefore reducing photosynthetic activities (Zhang et al.,
2005).
Sweetpotato production is also negatively impacted by moisture deficit and
excessive soil water content. Sweetpotato is considered as a moderately drought tolerant
crop (Valenzuela et al., 2000), however, drought is often a major environmental delimiter
for its storage root yield, especially in areas cultivated as a rain-fed crop. Similar to
temperature, sweetpotato experiences significant yield losses if exposed to soil moisture
deficit during critical phenophases. According to Pardales and Yamauchi (2003),
sweetpotato is sensitive to soil moisture deficit predominantly during the crop
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establishment period, including vine development and storage root initiation. They also
reported that the water deficits during early season of the crop development are critical as
the crop develops the necessary photosynthetic machinery which ultimately affects
biomass production and yield. Soil moisture deficit during establishment phase causes
more lignification of newly formed adventitious roots, reducing storage root number, and
ultimately limiting the potential yield. In contrast, Jones et al. (1985) and Bhattacharya et
al. (1990) reported that the reduction of sweetpotato yield was more critical during plant
maturity than the crop establishment phase. Prolonged soil moisture deficit and soil
moisture deficit stress during mid- and late-stages of sweetpotato negatively affected
storage root yield and quality in their studies. Under those stress conditions, insufficient
soil moisture supply inhibits canopy development and limit photosynthetic activity with
subsequently affecting to storage root yield (Gollifer, 1980).Water stress during critical
phenophases in the growth phase, such as storage root initiation, storage root
development, and storage root maturity (bulking)results in complex physiological
interactions between soil moisture deficit and storage root yield. Therefore, these
interactions need to be addressed at optimum conditions to isolate soil moisture deficit
effects through quantification of responses and crop modeling.
Similar to the temperature, potential effects of soil moisture both at early- and
late-season have not yet been extensively addressed for most species of root and tuber
crops (Miglietta et al., 2000) including sweetpotato. Both early- and late-season storage
root growth (initiation and bulking) have not been fully quantified against wide range of
soil moisture. The information on growth, developmental, and physiological responses of
sweetpotato to a range of soil moisture is limited in the literature and the available
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information is conflicting on the levels of soil moisture for optimum growth and
development. The responses to wide range of soil moisture by gas exchange processes are
also crucial and any efforts to quantify the responses is pivotal to predict the effects of
changing climate variables on crop productivity (Lin et al., 2012).
Storage root formation which is a complex developmental process is influenced
by several environmental factors (Ravi et al., 2009), including soil moisture deficit and
excess conditions. Transplanted slips produce adventitious roots, some of which develop
into economically important storage roots through proliferation of cambial cells that
forms starch-accumulating parenchyma cells (Belehu et al., 2004; Ravi et al., 2009;
Villordon et al., 2009a). This developmental process starts at about 13 days after
transplanting of slips in the field (Villordon et al., 2010). Thus, any moisture deficit prior
to and during this stage will detrimentally impact final storage root numbers and yield. In
the early stage of root development, sweetpotato forms colorless adventitious roots. As
root development proceeds, some of these adventitious roots become pigmented and
begin to expand, and finally developing into storage roots. Many efforts have been
directed towards early identification of sweetpotato storage roots based on anatomical
features. Accordingly, the development of anomalous cambia was identified as an
important factor to determine the formation of storage roots and its appearance marks the
initiation phase of storage root formation (Kokubu, 1973; Wilson and Lowe, 1973). A
similar approach was used by Villordon et al. (2009a) in early identification of the
storage roots. They investigated many related anatomical features associated with storage
root development and finally selected the appearance of regular vascular cambium and
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anomalous cambia to identify the storage roots. Therefore, appearance of cambia can be
used to reliably identify and measure storage root initiation in sweetpotato.
Explanatory crop simulation models are problem solving tools that are appropriate
to addressing multiple challenges in the present day agriculture. Such models provide
quantitative descriptions of plant behavior, and could calculate their responses to
environmental changes, climate variability, and agricultural management (Kim et al.,
2012). With the rising threat and uncertainties associated with predicted climate change,
it is vital to develop, identify, and apply crop simulation models, an effective scientific
tool that provide realistic representations of the climate impacts and environmental
variables on crop production and food security. Therefore such models are being
developed and used to assist decision making process in crop production by farm
managers. Also, there is a considerable interest to predict crop growth and development
processes more accurately in crop plants.
In modern agricultural practices, various models were developed and are very
important in assisting the decision making process to optimize crop inputs and maximize
yield and to assist farmers. Such models have enormous potential for several
improvements in crop production efficiency, management, and in guiding and improving
policy decisions. Different crop models were developed to numerous crops to simulate
plant growth, development, and the yield, such as cotton (Gossypiumhirsutum;Hodges et
al., 1998), potato (Kooman and Haverkort, 1995), peanut (Arachishypogaea; Hammer et
al., 1995) and soybean (Glycine max; Boote et al., 1996). No such crop models were
developed for sweetpotato and with the rising threat and uncertainties associated with
predicted climate change, and it is vital to develop, identify, and apply effective crop
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simulation models that provide accurate prediction of growth, developmental
characteristics, and yield of sweetpotato plants. Quantitative functional relationships
between plant processes and environmental variables under realistic solar radiation
environments are pre-requite in developing mechanistic models. Models with functions
appropriately modeled provide a realistic representation of the climate impacts on crop
production and food security and crucial for management decision making, and for
assessment of agricultural policies and practices under wide range of environmental
conditions both present and future environment.
Problem statement and objectives
The potential effects of temperature and soil moisture both at early- and lateseasons have not yet been extensively addressed for most species of root and tuber crops
(Miglietta et al., 2000) including sweetpotato. Also, the early and late season storage root
growth, development and physiology have not been fully quantified under wide range of
soil moisture and temperature treatments. The general objective of this study was to
quantify the sweetpotato responses to temperature and soil moisture treatments, both at
early- and late-seasons. To fulfill these general objectives, four different experiments
were conducted in sunlit plant growth chamber and greenhouse environments. In
experiment I(chapter II and III), sweetpotato storage root initiation and early-season
growth in response to wide range of soil moisture were evaluated using two cultivars in
greenhouse environment. In Experiment II (chapter III), sweetpotato growth, physiology
and development were evaluated under a wide range of soil moisture during storage root
growth and bulking (mid and late seasons) in the sunlit plant growth chamber
environment. In Experiment III (chapter IV), sweetpotato storage root initiation and
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early-season growth in response to wide range of temperatures were evaluated in sunlit
plant growth chambers. In experiment IV (chapter V), sweetpotato growth, development,
physiology, and storage root development and bulking responses to temperature at mid
and late seasons were evaluated under optimum water nutrient conditions in the sunlit
plant growth chambers.
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CHAPTER II
EARLY SEASON SOIL MOISTURE DEFICIT REDUCES SWEETPOTATO
STORAGE ROOT INITIATION AND DEVELOPMENT

Abstract
Sweetpotato [Ipomoea batatas (L.) Lam.] storage root formation is a complex
developmental process. Little quantitative information is available on storage root
initiation in response to wide range of soil moisture levels. This study aimed to quantify
the effects of different levels of soil moisture on sweetpotato storage root initiation and to
develop functional relationships for crop modeling. Five levels of soil moisture, 0.256,
0.216, 0.164, 0.107, and 0.058 m3 m-3 soil, were maintained using sensor-based soil
moisture monitoring and semi-automated programmed irrigation. Two commercial
sweetpotato cultivars, Beauregard and Evangeline, were grown in pots under greenhouse
conditions and treatments were imposed from transplanting to 50 days. Identification of
storage roots was based on anatomical, using cross sections of adventitious roots, and
visual features harvested at 5-day intervals from 14 to 50 days after transplanting (DAT).
Recorded time-series storage root numbers exhibited sigmoidal responses at all soil
moisture levels in both cultivars. Time to 50% storage root initiation and maximum
storage root numbers were estimated from those curves. Rate of storage root development
was determined as a reciprocal of time to 50% storage root formation data. Rate of
storage root development of both cultivars showed a quadratic decline with decreasing
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soil moisture levels. Cultivars differed in time to 50% storage root initiation and the
storage root developmental rate. Soil moisture optima for storage root initiation were
0.168 and 0.199 m3 m-3 soil, equivalent to 63 and 75% field capacity for cultivars
Beauregard and Evangeline, respectively. The data and the inferences derived from the
functional algorithms developed in this study could be used to advise growers to schedule
irrigation more precisely, make planting decisions based on available soil moisture, and
to develop sweetpotato crop models for field applications.
Introduction
Sweetpotato is an important root crop grown in tropical and subtropical regions
and ranks as the seventh major food crop produced annually worldwide (BovellBenjamin, 2007; Ku et al., 2008). Production of sweetpotato is an important agricultural
business (U.S. Department of Agriculture, 2002) in the Southern states of the United
States, and contributed more than $500 million to the country’s economy in 2012 (U.S.
Department of Agriculture, 2013). Many sweetpotato cultivars have shown wide
adaptability to various environmental conditions (Martin, 1988); however, production is
constrained by various abiotic stresses. Both Togari (1950) and Villordon et al. (2012)
emphasized that the growing environment during the early-season (first 20 days) has a
direct and significant impact on storage root initiation and thus final yield. Sweetpotato is
grown as a rain-fed crop in Mississippi and subjected to fluctuating soil moisture
conditions in the field. Sweetpotato is also grown under furrow or drip irrigated
conditions in California (Stoddard et al., 2013). Soil moisture stress is one of the crucial
abiotic stress factors which limits growth and development of sweetpotato, affecting
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storage root production and yield (Indira and Kabeerathumma, 1988; Pardales and
Esquibel, 1997).
Drought is a dry weather condition for an extended period of time, characterized
by a shortage of water supply to plants and causes extensive losses to agricultural
production worldwide (Acquaah, 2007; Chaves et al., 2002). Agricultural drought relates
to the soil moisture deficits in the root zone. Soil moisture deficit is defined as the
induction of turgor pressure below the maximal potential pressure and the magnitude of
such stress is determined by the extent and duration of the deprivation (Pugnaire et al.,
1999). Sweetpotatoes are often cultivated on non-irrigated lands and have been
considered drought tolerant (Constantin et al., 1974), although the response to moisture
stress varies with cultivar (Villareal et al., 1979). According to Nair (2000), sweetpotato
possess moderate drought tolerance, but storage root yield decreases if drought conditions
prevail during the storage root initiation period, estimated to be between 10 and 30 days
after treatment. Edmond and Ammerman (1971) also reported reduced root yields if
drought occurred within the first six weeks after transplanting.
Sweetpotato storage root formation is a complex developmental process
associated with the expression of several genes, which are influenced by several
environmental factors (Ravi et al., 2009). Transplanted slips produce adventitious roots,
some of which develop into economically important storage roots through proliferation of
cambial cells that forms starch-accumulating parenchyma cells (Belehu et al., 2004; Ravi
et al., 2009; Villordon et al., 2009a). This developmental process starts about 13 days
after transplanting of slips in the field (Villordon et al., 2010). Thus, any moisture deficit
prior to and during this stage will detrimentally impact final storage root numbers and
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yield. In the early stage of root development, sweetpotato forms colorless adventitious
roots. As root development proceeds, some of these adventitious roots become pigmented
and begin to swell, and finally developing into storage roots. Many efforts have been
directed towards early identification of sweetpotato storage roots based on anatomical
features. Accordingly, the development of anomalous cambia was identified as an
important factor to determine the formation of storage roots and its appearance marks the
initiation phase of storage root formation (Kokubu, 1973; Wilson and Lowe, 1973).
Similar approach was used by Villordon et al. (2009a) in early identification of the
storage roots. They investigated many related anatomical features associated with storage
root development and finally selected the appearance of regular vascular cambium and
anomalous cambia to identify the storage roots. Therefore, appearance of cambia can be
used to reliably identify and measure storage root initiation in sweetpotato.
Beauregard and Evangeline are among various popular cultivars grown by
producers in the Mississippi Delta and Mid-South United States. Compared to
Beauregard, Evangeline is more resistant to root-knot nematode infestation and has
higher sucrose content in storage roots (LaBonte et al., 2008). However, few studies have
been conducted to compare the responses of the cultivars to abiotic variables such as soil
moisture stress. We hypothesized that storage root initiation and subsequent growth of
sweetpotatoes would be reduced under deficit soil moisture conditions. This study aimed
to quantify the effects of different degrees of soil moisture availability on storage root
initiation and early-season growth in two different sweetpotato cultivars, and to develop
functional algorithms for storage root development under a wide range of soil moisture
conditions.
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Materials and Methods
Sweetpotato cultivars Beauregard (Rolston et al., 1987) and Evangeline (La Bonte
et al., 2008) were evaluated at five levels of soil moisture under greenhouse conditions at
the R. R. Foil Plant Science Research Center, Mississippi State University, Mississippi
State (33° 28´N, 88° 47´W), Mississippi, USA. The temperatures in the greenhouse were
maintained between 24 and 33°C during the experimental period, May to June, 2012. The
photosynthetically active radiation measured with a line quantum sensor (LI-191 Line
quantum sensor; LI-COR, Inc., Lincoln, NE.) on clear days at noon was over 1200 µmol
m-2 s-1. Thirty two, 2-L plastic pots (17 cm diameter and 16 cm height) were used for
each moisture treatment per cultivar to accomplish 8 harvests. The experiment was
arranged as a completely randomized design with four replicates. Pots were filled with a
growth substrate (1:3 soil: river sand mixture) tested at the Mississippi State University
Extension Service Soil Testing Laboratory and having sandy clay loam textural class
(72% sand, 23% clay, and 5% silt). Pots were arranged in rows oriented east to west
direction on benches in the greenhouse. Pots were fully saturated using full-strength
Hoagland nutrient solution (Hewitt, 1952) initially and five levels of soil moisture
treatments, 0.256, 0.216, 0.164, 0.107, and 0.058 m3 m-3 of VWC, representing 100, 84,
64, 42, and 23% of field capacity (FC), respectively, were imposed two weeks prior to
transplanting of sweetpotato slips (Fig. 2.1). Soil moisture treatment levels were
monitored and maintained based on the volumetric water content determined by moisture
sensors (Model EC-5; Decagon Devices, Inc., Pullman WA) inserted at a depth of 10 cm
in every five random pots of each soil moisture treatment. All sensors were connected to
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data loggers that were configured to record data every 15 min (Model EM50R; Decagon
Devises, Inc.).

Figure 2.1

Volumetric soil moisture content across treatments before and during the
experimental period were maintained using sensor-based monitoring and
irrigation system.

The arrow indicates the day sweetpotato slips were planted and the time when all the soil
moisture levels reached the desired treatment levels.
Based on the treatment and measured soil moisture content (SMC), the required
amount of water with nutrient solution to be applied was calculated twice a day. Using
the known discharge rate of drip emitters (50 mL per min.), the time to be irrigated (min.)
to meet the desired soil moisture level was calculated using Eq. [2.1].
Irrigation time (min.) = (treatment SMC – measured SMC)/emitter discharge rate [Eq.2.1]
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Irrigation was supplied using drippers and plastic tubing connected to a water
pump and required levels of soil moisture were maintained in each treatment accordingly.
Once the desired soil moisture levels for all treatments were achieved, sweetpotato slips
were transplanted by placing two nodes in the soil and two nodes above the soil surface.
Full-strength Hoagland nutrient solution, which provided a balanced mixture of nutrients,
was used to fertigate the plants.
Root number and identification of storage roots were determined based on
anatomical features and visual observation. Four random pots were removed on 5-day
intervals starting at 14 days after transplanting from each soil moisture treatment until 50
DAT. Roots were washed with water and shoots and roots were separated and the plant
growth measurements were recorded. Total adventitious root number from each plant at
each harvest was counted. Adventitious root samples from each plant at each harvest
were taken and cross sections were prepared for anatomical observations through freehand sectioning and staining with Safranine and Toluidine blue as described by Eguchi
and Yoshida (2008). Root cross section samples were taken from a 3 cm section located 7
to 10 cm from the proximal end. After staining, the development of anomalous cambia
around primary and secondary xylem tissues was identified as described by Villordon et
al. (2009a, 2009b). Accordingly, the identification of storage roots was performed based
on the appearance of anomalous cambia in the stelar region, which stained very lightly,
and non-storage roots based on lignified stele section which stained dark in color. After
about 20 days after transplanting, storage roots were already visible by bulking of the
adventitious roots and identification was carried out visually. Anomalous primary cambia
developed around the central metaxylem cells and protoxylem elements and anomalous
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secondary cambia developed around secondary xylem elements (Wilson and Lowe, 1973)
were collectively referred to anomalous cambium in our study, and also by Villordon et
al. (2009a). The number of storage and non-storage roots per plant was recorded at every
harvest based on the above criteria.
Curve ﬁtting procedure for storage root development-time
The numbers of storage roots developed (Y) over each harvesting time (X),
measured by DAT (d) during the experimental period were fitted to a 3-parameter
sigmoidal function (Eq. [2.2]) using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA)
as described by Gajanayake et al. (2011), Garcia-Huidobro et al. (1982), and Shaﬁi and
Price (2001). Maximum storage root numbers (MSRN) at a given time (X), the shape and
steepness of the curve (b), and the time to develop 50% of MSRN ( Xo) were estimated
using sigmoidal functions with given storage root numbers (Y) and days after
transplanting (X).
Y = MSRN / {1 + exp [(−X –X0) / b]}

[Eq. 2.2]

The MSRN’s and the reciprocal of time to develop 50% of maximum storage root
numbers (storage root development rate [SRDR]) were used to determine their responses
to soil moisture treatments.
Determination of maximum storage root numbers and storage root developmental
rates.
Both linear and non-linear models were used to analyze MSRN and SRDR
responses to soil moisture content. The best models were determined based on the overall
highest coefficient of determination (R2) and the least root mean square error (RMSE)
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values. Linear and quadratic equation estimates for each replicate of the treatment and
cultivar were estimated by the non-linear regression procedure, PROC NLIN (SAS
Institute Inc., Cary, NC), using a modified Newton Gauss iterative method.
Based on these criteria, the linear model best described the MSRN response to
soil moisture content, while quadratic functions best described both SRDR and time to
50% storage root development. The estimated MSRN’s for each soil moisture treatment
using sigmoidal function (Eq. [2.2]) were used to generate the responses of MSRN
against different soil moisture treatments. Also, Eq. [2.2] was used to estimate the time to
50% storage root initiation for each soil moisture treatment. The soil moisture treatment
level which minimized the time to form storage roots was determined using the time
function. The storage root initiation rate was calculated as the reciprocal of estimated
time to 50% storage root initiation for each soil moisture treatment. Similar to the time
function, the soil moisture treatment level which maximized the rate to form storage roots
(soil moisture optima) was determined. SigmaPlot 11 was used to plot the relationships
and the non-linear regression procedure PROCNLIN in SAS was used to estimate the
parameters in sigmoidal curves. Replicated values for other measured parameters were
analyzed using the one-way ANOVA procedure (PROC GLM) in SAS. Means were
separated using Fisher’s protected least significant difference test (LSD; P<0.05). Storage
root number and time to 50% storage root initiation were treated as dependent variables
and the soil moisture levels as independent variables.
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Figure 2.2

Time series analysis of storage root development in two sweetpotato
cultivars, Beauregard and Evangeline, across five soil moisture regimes.

Symbols are observed cumulative storage root data and solid lines are fitted storage root
initiation using a three-parameter sigmoidal function, Y = MSRN/{1+exp[(-(x - xo)/b]},
where, Y is the numbers of storage roots developed over each harvesting time, b is the
shape and steepness of the curve, and xo is the time to develop 50% of MSRN and x is
the days after transplanting. Each data point is a mean cumulative storage root number of
four individual plants and standard errors of the mean are shown when larger than the
symbols. The 3-prameter sigmoidal functions fitted to various soil moisture treatments
were significant (P<0.0001) in both the cultivars.
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Results and Discussion
Using soil moisture sensor-based monitoring and irrigation to setup and maintain
several precise soil moisture regimes worked well to quantify storage root initiation as
affected by the treatments in this study (Fig. 2.1 and 2.2). To our knowledge, this is the
first report to identify the functional relationships of storage root initiation and storage
root number of sweetpotato in response to a wide range of soil moisture regimes that
could be useful for management decisions in the field. Furthermore, soil moisture status
is one of the crucial and readily manageable variables to produce a profitable crop
(Taylor et al., 1983)
Storage root production time course and rate of storage root initiation
Soil moisture regimes markedly influenced storage root initiation and
development of both sweetpotato cultivars (Fig. 2.2). A three-parameter sigmoidal
function best described the storage root production time course across different soil
moisture regimes in both cultivars. The ANOVA results indicate significant differences
between the two cultivars and among the soil moisture levels (P< 0.001) within each
cultivar, except at the two highest soil moisture levels for cultivar Evangeline. The
maximum storage root number, time to 50% storage root initiation, and storage root
initiation rate, estimated from the fitted sigmoidal curves were all affected by moisture
levels (Fig. 2.3).
Maximum storage root number increased linearly with increasing soil moisture
levels in both cultivars (P< 0.0001; slope = 23.23, Fig. 2.3A). Time to 50% storage root
initiation, on the other hand, showed a significant and quadratic decline with increasing
soil moisture levels in both cultivars until soil moisture levels reached 0.167 and 0.199
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m3 m-3 of VWC in the cultivars Beauregard (R2 = 0.83) and Evangeline (R2 = 0.98),
respectively (Fig. 2.3B). The minimum time required to 50% storage root initiation was
21.3 days at a soil moisture level of 0.199 m3m-3 (78% FC) for Evangeline and 20.8 days
for Beauregard at 0.167 m m-3of VWC (65% FC). With increasing soil moisture, time to
reach 50% storage root initiation was markedly higher for soil maintained at 0.167 and
0.199 m3 m-3of VWC for cultivars Beauregard and Evangeline, respectively (Fig. 2.3B).
We observed significantly (P<0.05) less storage root number at soil moisture content of
0.256 m m-3 (100% FC) compared to 0.216 m m-3 VWC (84% FC) from 19 to 50 days
after transplanting for the cultivar Beauregard. Watanabe (1979) reported that
sweetpotato showed a luxurious vegetative growth and little ‘tuber’ development when
soil moisture content was high or the soil was compacted. However, Van Heerden and
Laurie (2008) found no significant differences in sweetpotato storage root yields between
100 and 80% FC treatments harvested at 91 days after treatment. Our results at the two
highest soil moisture treatments corroborate these findings.
The rate of storage root initiation, which is an inverse relationship of time to 50%
storage root initiation, showed a significant and quadratic increment with increases in soil
moisture levels in both cultivars (Fig. 2.3C). Estimated optimum soil moisture levels for
maximum storage root initiation with the cultivars Beauregard and Evangeline were
0.167 and 0.199 m3 m-3 VWC (65.6 and 78.1% FC), respectively, based on the fitted
equations. These results indicate that the two cultivars responded differently to soil
moisture levels during early-season storage root development. Pardales and Yamauchi
(2003) also reported pronounced varietal differences on root traits in response to varying
soil moisture regimes similar to our observations in this study. Results from our study
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confirm that sweetpotato storage root production can be improved by managing
production practices such as irrigation during the early-season.

Figure 2.3

Influence of soil moisture content on maximum storage roots numbers per
plant (A), time to 50% storage root formation (B), and storage root
initiation rate (C) in two sweetpotato cultivars, Beauregard and Evangeline.
Symbols are derived data on time to 50% storage root initiation and rate of
storage root initiation and solid lines are predicted values of the respective
fitted equations

Error bars indicate the standard errors of the mean (n=4). RMSE = Root mean square
error.
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Total and storage number and storage root production efficiency
Total and storage root number
Adventitious roots are typically produced at the nodal positions and at the cut end
of the slips when transplanted. The majority of the adventitious roots produced during
early stages of sweetpotato crop growth have similar anatomical structures and thus have
the potential to develop into storage roots under favorable environmental conditions
(Villordon et al., 2009b, 2012). Therefore, considerable efforts have been devoted to
estimate adventitious and storage roots during the early-season because of a close
correlation between total roots (adventitious roots and storage roots) produced during
early stages of crop growth and number of harvestable storage roots at the end of the
season (Villordon et al., 2009a).The total number of adventitious roots produced and their
response to soil moisture regimes were significantly different between the cultivars (P<
0.05). The storage root number production response to soil moisture conditions was
quadratic in both cultivars (R2=0.91 and 0.98 for Beauregard and Evangeline,
respectively, Fig. 2.4A). However, cultivar Evangeline showed a steeper increase in total
root numbers compared to the cultivar Beauregard as soil moisture increased. Pardales
and Esquibel (1997) found that a low irrigation frequency, once in every 4 days, had a
significant reduction on number and length of adventitious roots compared to higher
irrigation frequencies that coincide with soil moisture conditions and root responses
observed in this study. These results further indicate that adequate soil moisture is crucial
to maximize root establishment at early stages of crop growth. Under favourable soil
moisture conditions, initiation of adventitious roots can begin as early as one day after
transplanting slips in the field (Pardales, 1993; Pardales and Yamauchi, 2003) and
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maintaining optimum soil moisture levels is crucial for root development during the early
stages of crop growth. Villordon et al. (2009b) found that sweetpotato storage roots form
around 13 days after transplanting under favourable soil moisture and other
environmental conditions. In our study, we observed a few storage roots formed at 14
days after planting with 0.164 m3m-3 soil moisture levels (64% FC) in both cultivars (Fig.
2.2).
Storage root production efficiency
In order to fully comprehend how sweetpotato storage roots are formed, studies
on morphogenesis have been carried out over a considerable period of time. Lowe and
Wilson (1974)revealed that storage roots originate from the activation of primary
cambium of the adventitious roots, along with the anomalous and vascular cambia during
the secondary growth. Belehu et al. (2004) also observed that slips produce adventitious
roots and some of those roots develop into storage roots. To date, there are no studies on
conversion efficiency of storage roots from the total roots produced under different
environmental conditions. In this study, we calculated storage root production efficiency,
defined as the percentage of storage roots to total roots produced, under five soil moisture
levels in two commonly cultivated sweetpotato cultivars in the US Delta and Mid-south
regions. Storage root production efficiencies between cultivars and soil moisture levels
were significantly different (Fig. 2.4B). The response to soil moisture content was linear
with the cultivar Beauregard (R2 = 0.87, P = 0.02) and stable in the Evangeline (Fig.
2.4B). These results highlight that storage root production efficiency is higher with the
cultivar Evangeline than the cultivar Beauregard at lower soil moisture levels.
Furthermore, Evangeline is more stable under a wide range of soil moisture levels during
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the early stages of root growth. However, Beauregard showed improved storage root
production efficiency at and above the soil moisture regimes of 0.107 m3 m-3of VWC
(42% FC). Similar cultivar differences have been observed by others.

Figure 2.4

Total root numbers (A) and storage root production efficiency (B),
calculated as a percentage of storage roots to total roots produced across
five levels of soil moisture of two sweetpotato cultivars, Beauregard and
Evangeline

Symbols are derived data on total root numbers and calculated storage root production
efficiency and solid lines are predicted values of the respective fitted equations. Error
bars indicate the standard errors of the mean (n=4). RMSE = Root mean square error, NS
= Not-significant at P ≤ 0.05.
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Villordon et al. (2009a) reported a considerable variation in adventitous root
number during early stages of growth (5 to 21 days after transplanting) between two
cultivars, Beauregard and Georgia Jet. Significant variation in root counts of thick and
‘tuberous’ roots among three cultivars (Koganesengan and Beniako with three basal
nodes and Ipomoea trifida with two basal nodes) was reported at the fourth week after
transplanting (Nakatani and Komeichi, 1991). However, conversion efficiency using
adventitious and storage root numbers were not reported in the above studies.
Conclusion
The present study investigated sweetpotato storage root growth and initiation in
response to soil moisture regimes in two major sweetpotato cultivars. Results suggest that
the rate of storage root initiation of sweetpotato is delayed by deficit soil moisture levels
in both the cultivars. The rate of storage root development showed a quadratic
relationship with soil moisture level and the optimum rates were achieved at the soil
moisture contents of 0.168 (64% FC) and 0.199 m3 m-3 VWC (75% FC) in Beauregard
and Evangeline, respectively. These results suggest that managing soil moisture is crucial
for storage root production during the early stages of sweetpotato crop growth. In
addition, the functional soil moisture and storage root growth and developmental
algorithms could be used to develop simulation models for sweetpotato under varying
soil moisture conditions in predicting yield, while taken into consideration of other
abiotic and edaphic factors. However, temperature-dependent functional algorithms will
be needed to improve the models that could be used to optimize planting dates and soil
moisture levels by scheduling irrigation at appropriate times in the field.
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CHAPTER III
GROWTH, DEVELOPMENT, AND PHYSIOLOGICAL RESPONSES OF
TWOSWEETPOTATO CULTIVARS TOEARLY SEASON
SOIL MOISTURE DEFICIT

Abstract
Soil moisture deficit at early season is detrimental for sweetpotato growth and
development affecting final yield. This study investigated the effects of different soil
moisture regimes on early season growth, developmental, and physiological responses of
two sweetpotato cultivars, ‘Beauregard’ and ‘Evangeline’, grown in a greenhouse
environment. Five levels of soil moisture treatments, 0.256, 0.216, 0.164, 0.107, and
0.058 m3 m-3 of VWC, were maintained through sensor-based soil moisture monitoring,
and semi-automated programmed irrigation. Midday leaf water potential (LWP), gas
exchange, and fluorescence were measured weekly from 30 to 50 days after transplanting
(DAT). Growth and development of plants were evaluated through harvesting four plants
at 5-day intervals from 14 to 50 DAT. Leaf pigments and cell and chlorophyll stability
indices were also determined. Midday LWP of sweetpotato declined linearly with
decreasing soil moisture levels. The photosynthetic rate also declined linearly in
Beauregard and quadratically in Evangeline with decreasing soil moisture. Both cultivars
had a close association between photosynthetic rate and stomatal conductance over the
soil moisture treatments, suggesting that stomatal closure is a key limitation for the drop
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in photosynthesis. Chlorophyll concentration was significantly lower at extreme soil
moisture deficit conditions. Significant difference was found in water use efficiency
between cultivars and among soil moisture treatments. Rates of vine elongation and leaf
formation of Evangeline decreased more rapidly than Beauregard with declining soil
moisture levels. Also with decreasing soil moisture, the shoot biomass declined more
rapidly than root biomass. The results showed that maintaining soil moisture closer to
field capacity (0.256 m3 m-3 of VWC) during early season is beneficial for early
development of both root and shoot system and thus better crop performance. The data
and the inferences derived from the functional algorithms developed in this study will be
useful for crop modelling, field-level irrigation scheduling, and planting decisions.
Introduction
Drought is one of the crucial abiotic stresses affecting plant growth and
development, especially at the initial phase of plant establishment, ultimately limiting
crop productivity (Chaves et al., 2002; Jaleel et al., 2009). Plants experience drought
stress either when the water supply to roots becomes difficult or when the transpiration
rate becomes very high (Reddy et al., 2004). Due to fluctuating rainfall patterns and lack
of irrigation, crops are subjected to different intensities of soil moisture deficits resulting
in variable growth and productivity (Doupis et al., 2013) through altering metabolic
functions (Jaleel et al., 2009). The worldwide yield losses due to water deficit exceeded
the losses from all other stresses combined (Jaleel et al., 2008) and the consequences of
predicted climate change further intensify such losses due to precipitation extremes and
drought intensities (Singh and Reddy, 2011). Under irrigated conditions, plant water is
one of the most crucial and manageable factors for successful crop production (Taylor et
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al., 1983). Understanding the array of responses of crop plant processes and mechanisms
to a wide range of available soil moisture is crucial and a fundamental part of crop stress
tolerance (Reddy et al., 2004; Zhao et al., 2008), and important to improve their
agronomic performances.
Sweetpotato [Ipomoea batatas (L.) Lam.] is one of the world’s most important
root crops and ranks as the seventh major food crop in the world (FAO, 2009). It is
mostly cultivated in tropical and subtropical regions (Bovell-Benjamin, 2007; Ku et al.,
2008; Mukhopadhyay et al., 2011) under a broad range of environments and cultural
practices. Sweetpotato production in the United States is primarily concentrated in the
southern states and California as an important agri-business (U.S. Department of
Agriculture, 2002) and cultivated in both rain-fed and irrigated environments (Stoddard et
al., 2013). The crop contributed more than $500 million to the country’s economy in
2012 (U.S. Department of Agriculture, 2013). Even though sweetpotato is a moderately
drought tolerant crop (Ghuman and Lal, 1983; Valenzuela et al., 2000), the plant is
sensitive to water deficit, particularly during the establishment phase, including early
vine development and storage root initiation (Pardales and Esquibel, 1997; Indira and
Kabeerathumma, 1988;Gajanayake et al., 2013). Also, a significant yield reduction has
been reported under compacted and very high soil moisture (Watanabe, 1979) as well as
poorly drained and water logged conditions (Ghuman and Lal, 1983). Under rain-fed
conditions, drought is a major environmental factor delimiting sweetpotato production
(Anselmo et al., 1998). Also, cultivars respond differently to limited quantities of soil
moisture levels (Saraswati et al., 2004) and understanding cultivar responses to a wide
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range of soil moisture levels is important both for crop improvement, modelling, and
managing inputs for higher productivity.
Water deficit is a condition that affects several physiological and biochemical
processes in the plants such as photosynthesis, respiration, translocation, ion uptake,
carbohydrates, nutrient metabolism, and growth promoters (Farooq et al., 2008;Jaleel et
al., 2008). According to Laurie et al. (2009) shoot growth and photosynthetic rates are the
two major factors responsible for withstanding water deficits in sweetpotato. Plants
subjected to water stress are characterized by reduced water content, diminished leaf
water potential and turgor loss, closure of stomata, and decreased cell enlargement.
Severe soil moisture stress could result in the arrest of photosynthesis, disturbance of
metabolic activities, and even plant death (Jaleel et al., 2008). Maximum yield potential
depends on an early development of source organs (leaf area) for optimum light
interception and photosynthesis and sink organs (both initiation and enlargement of
storage roots or tubers) in root crops. Apart from the sink organs, enhancement of source
organ functions and capacity are crucial for increasing the sweetpotato yield. In order to
produce high dry matter through photosynthesis process, it is important to develop an
optimum leaf area. Water deficit stress predominantly reduces leaf growth resultinginless
leaf area in many crop species (Farooq et al., 2009). Sweetpotato leaf area index
increases with increasing soil moisture content during vegetative development (Indira and
Ramanujan, 1985) by adding more source capacity. Stomatal conductance has a strong
impact on leaf photosynthesis rate, in particular under drought stress condition (Cornic
and Fresneau, 2002). Furthermore, differences in photosynthesis rate among sweetpotato
cultivars act as a key determinant of storage root yield (Haimeirong and Kubota, 2003).
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Drought during summer in the Southern USA delimits sweetpotato yields and the
quality of storage roots causing enormous economic losses to producers (Smith et al.,
2009). Water deficit as well as flood conditions during establishment period negatively
affects final yield. Considerable yield increments have been gained by irrigating
sweetpotato while maintaining soil moisture at 40% of field capacity (Lambeth, 1956).
According to Thomson et al. (1992), total marketable grade yield can be significantly
improved through 76% of pan evaporation-based irrigation practices. They also found
that any irrigation beyond that level resulted in rapid decrease in marketable grade yields.
Also, sweetpotato production regions in the United States are subjected to variation in
soil moisture due to inadequate precipitation and irrigation. Fluctuations in soil moisture
during the cropping season, particularly in the summer months, could affect crop
survival, performance, and final yield. Information regarding the responses of
sweetpotato to a wide range of soil moisture regimes is limited and such information on
optimum soil moisture during different stages of growth and physiological processes
found in the literature are limited and conflicting. Therefore, this study aimed to quantify
the effects of wide range of soil moisture levels on growth, developmental, and
physiological performances of two commercial sweetpotato cultivars.
Materials and Methods
Experimental facility, plant material, and soil moisture treatments
The experiment was conducted from May to June, 2012, using two commercial
sweetpotato cultivars, Beauregard (Rolston et al., 1987) and Evangeline (La Bonte et al.,
2008) in the USA. They were evaluated at five levels of soil moisture contents (SMC)
under greenhouse conditions at the Rodney Foil Plant Science Research Center,
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Mississippi State University, Mississippi State (33° 28´N, 88° 47´W), Mississippi, USA.
The temperature in the greenhouse was maintained between 24 and 33°C during the
experimental period. The average photosynthetically active radiation measured usinga
line quantum sensor (LI-191 Line Quantum Sensor; LI-COR, Inc., Lincoln, NE, USA) at
noon on several clear days was over 1200 µmol m–2s–1. Thirty two 2-L plastic pots (17
cm diameter and 16 cm height) filled with sandy clay loam soil as a growth substrate
were used for each moisture treatment to accommodate eight harvest dates. Accordingly,
320 pots were arranged in rows oriented east to west direction on benches in the
greenhouse as a completely randomised design with four replications per harvest per
treatment for each cultivar. Before planting, pots were fully saturated using full-strength
Hoagland nutrient solution (Hewitt, 1952) and allowed to free-drain. Then, five soil
moisture treatments, expressed as volumetric water content (VWC) of 0.256, 0.216,
0.164, 0.107, and0.058 m3 m-3, representing 100, 84, 64, 42, and 23% of field capacity
(FC) were imposed two weeks prior to transplanting of sweetpotato slips (Fig. 3.1).
Once the desired soil moisture levels were achieved, sweetpotato slips were transplanted
with two nodes in the soil and two nodes above the soil surface. Soil moisture contents in
each treatment were monitored and maintained based on the VWC determined by
moisture sensors (Model EC-5; Decagon devices, Inc., Pullman, WA, USA) inserted at a
depth of 10 cm on five random pots in each treatment and semi-automated irrigation
system. All the sensors were connected to data loggers (Model EM50R; Decagon devises,
Inc.) that were configured to record data every 15 min. Based on the treatment and
measured soil moisture content, the required amount of water with nutrient solution to be
applied was calculated twice a day. Using the known discharge rate of drip emitters (50
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mL per min.), the time to be irrigated (min.) to meet the desired soil moisture level was
calculated using equation 1 (Eq. [1]).
Irrigation time (min.) = (treatment SMC – measured SMC)/emitter discharge rate

[Eq. 3.1]

Irrigation was supplied using drippers and plastic tubing connected to a water pump and
the required levels of soil moisture were maintained in each treatment accordingly. Fullstrength Hoagland nutrient solution, which includes a balanced mixture of nutrients, was
used to fertigate the plants.

Figure 3.1

Volumetric soil moisture content across treatments before and during the
experimental period were maintained using sensor-based monitoring and
irrigation system

The arrow indicates the day sweetpotato slips were planted and the time when all the soil
moisture levels reached the desired treatment levels.
39

Measurement of leaf water potential
Midday leaf water potential (LWP) was measured with a Scholander Pressure
Chamber (Soil Moisture Equipment Corporation, Santa Barbara, CA, USA) as described
by Turner (1988). Measurements were taken three times during the growth period (30,
38, and 47 DAT, between 1200 and1300 h) from the recently, fully expanded leaves
(fourth or fifth leaf from the top) and from three plants pertreatment.
Measurements of pigments, chlorophyll stability, and cell membrane
thermostability
Leaf photosynthetic pigment content (chlorophyll a, chlorophyll b, and
carotenoids)and chlorophyll stability index (CSI) were measured by taking two sets of
leaf samples collected from five most recently fully expanded leaves from each cultivar
and treatment, 40 and 47 DAT. From one set of leaves, five leaf discs (each 2.0 cm2)were
placed in vials containing 5 mL of dimethyl sulphoxidefor 24 h in dark under room
temperature for chlorophyll extraction. Absorbance of the supernatant was measured
using a Bio-Rad ultraviolet/VIS spectrophotometer (Bio-Rad Laboratories, Hercules, CA,
USA) at 470, 648, and 663 nm.The total chlorophyll and carotenoids were estimatedby
using the equations of Lichtenthaler (1987) as described by Chappelle et al. (1992) and
expressed on a leaf area basis (µg cm-2). The CSI was determined according to Sairamet
al.(1997) using a second set of leaves. Similar to the above procedure, five leaf discs
were collected from each treatment and heated at 56°C in a temperature-controlled waterbath for 30 min. The set of tubes was brought to 25°C and the total chlorophyll content
was measured from the heat-treated samples as described previously. The CSI was
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calculated as the ratio of total chlorophyll content in heated leaf to that in unheated fresh
leaf and expressed as a percentage using the following equation 2 (Eq. [2]):
Eq.[3.2]

CSI (%) = [(Total chlorophyll content in heat treated sample)/ (Total chlorophyll content in control)] Х 100

The leaf cell membrane thermostability (CMT) in two cultivars was assessed
according to the procedure described by Martineau et al. (1979). Two sets (control and
heat-treated) of 10 leaf discs (each 1.3 cm2) were cut from five most recently fully
expanded leaves from each cultivar. The leaf discs were thoroughly rinsed three times
with 10 mL deionized water to remove electrolytes both adhering to the leaf surface and
leaching from the cut surface. After final rinsing, all the test tubes with leaf discs were
filled with 10 mL of deionized water and capped with aluminum foil to prevent
evaporation of water. One set of test tubes was incubated for 20 min at 55°C in a
temperature-controlled water bath, whereas the other set was left at room temperature
(25°C). After incubation, the sets of test tubes were brought to 25°C and initial electrical
conductivity (EC) of the control (CEC1) and the heat-treated (TEC1) was measured with
an EC meter (Corning Checkmate II; Corning Inc., Corning, NY, USA) at room
temperature. Tubes were then autoclaved at 0.1 MPa for 12 minutes to kill tissues
completely, releasing all the electrolytes. Tubes were then cooled to 25°C and final
conductance was measured (CEC2 and TEC2). The CMT was estimated using the
following equation 3.3 (Eq. [3.3]):
CMT (%) = [1 – (TEC1 / TEC 2) / (1 – CEC1 / CEC 2)] Х 100
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[Eq. 3.3]

Photosynthesis and fluorescence measurements
Gas exchange measurements were made from the youngest, fully expanded leaf
from three individual plants per treatment between 1000 and 1300 h using LI-6400
photosynthesis system (LI-COR, Inc.) fitted with an integrated fluorescence chamber
head (LI-6400-40 leaf chamber fluorometer; LI-COR, Inc.). Measurements of
photosynthesis were taken at 30, 36, 42 and 49 DAT and at 1200 µmole photon m-2 s-1
photosynthetically active radiation (based on the photosynthetically active radiation
measured inside the greenhouse), with cuvette temperature set to 30oC, carbon dioxide
concentration at 400 µmol mol-1 air and relative humidity at ambient conditions. To
measure fluorescence, the built in leaf chamber fluorometer was used. The software in
the instrument provided data on the net photosynthetic rate (Pn), stomatal conductance
(Gs), transpiration rate (Tr), leaf internal CO2 concentration (Ci), and calculated the
actual flux of photons driving photosystem II (PSII), i.e. electron transport rate (ETR),
and quantum efficiency by (open) PSII reaction centre in light (Fv´/Fm´).The
photosynthetic water use efficiency of the plants was calculated as Pn/Gs at Ca =
400µmol mol-1 (ambient CO2 concentration). The ratio of internal to external CO2
concentration was calculated as Ci/Ca.
Growth, developmental, and biomass measurements
Four random pots (replicates) of each cultivar were harvested from each soil
moisture treatment on a 5-day intervals starting at 14 DATuntil 50 DAT. First, shoots and
roots were separated and the roots were washed with water to remove soil. Then, shoot
and root growth parameters were measured. Main vine length (length from the soil level
to the recently unfolded main vine leaf) and the number of nodes (leaves) were
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determined. Leaf area was measured from each plant at every harvest using LI-3100 leaf
area meter (Li-COR, Inc.). Also, stems, leaves, and roots were dried in a forced-air oven
for 72 h and dry weights were determined.
Data analysis
The experiment was set in a completely randomized design with two cultivars,
five soil moisture treatments, four replications, and eight harvest times. To test the
significance of soil moisture treatment effects on growth, development, and physiological
parameters of the two cultivars, a two way analysis of variance was performed using
general linear model, PROC GLM in SAS statistical software (SAS, Institute Inc., Cary,
NC, USA). Means were separated using Fisher’s protected least significant difference
(LSD; p<0.05). Regression analyses were performed for all growth and developmental
parameters over treatment time and against soil moisture content. To determine the bestfit equations between soil moisture content and all parameters, coefficient of variation
(CV) and root mean square error (RMSE) were used. Graphical analysis was conducted
using SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA).
Results
In this study, a protocol was developed to achieve desired soil moisture levels
using sensor-based soil moisture monitoring and semi-controlled irrigation system. This
protocol worked well to quantify the parameters associated with sweetpotato cultivar
growth, development, and physiology responses to a wide range of soil moisture
treatments (Fig. 3.1).
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The midday LWP, measured at 30, 37, and 48 DAT, ranged between -0.64 and 1.68 MPa and increased linearly with increasing soil moisture content (Fig. 3.2).
However, midday LWP was not significantly different between two cultivars and among
the sampling dates (Fig. 3.2).

Figure 3.2

Relationship between soil moisture content and midday leaf water potential
of two sweetpotato cultivars, Beauregard and Evangeline

Each data point is the mean of three measurements taken at 30, 38, and 47 days after
transplanting. Bars represent standard errors of the means and are shown when larger
than the symbols.
There was a significant interaction between soil moisture content and cultivar for
both total chlorophyll content and carotenoid contents (Table 3.1). Further analysis
indicated that total chlorophyll content in leaves decreased linearly in both the cultivars
with diminishing soil moisture levels. The decline in total chlorophyll content was
steeper in cultivar Beauregard than Evangeline with increasing soil moisture deficits (Fig.
3.3A). In contrast, leaf carotenoid content increased linearly with decreasing soil
moisture in both the cultivars (Fig. 3.3B).
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Table 3.1

Significance levels from the analysis of variance results for the effect of soil moisture content (SMC)
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on net photosynthetic rate (Pn, µmol CO2 m-2 s-1), stomatal conductance (Gs, mol H2O m-2 s-1), transpiration rate (Tr, mmol H2O m2 -1
s ), Water use efficiency (WUE), ratio of internal to external CO2 concentration (Ci/Ca), fluorescence (Fv´/Fm´), electron
transport rate (ETR, µmol m-2 s-1), total chlorophyll, carotenoids, chlorophyll a/b ratio, cell membrane thermostability (CMT), and
chlorophyll stability index (CSI) of two sweetpotato cultivars, Beauregard and Evangeline.
* Significance level p ≤ 0.05
** Significance level p ≤ 0.01
*** Significance level p ≤ 0.001
ns. Not significant at p>0.05

Figure 3.3

Relationships between soil moisture content and (A) total chlorophyll
content, (B) carotenoid content, and (C) chlorophyll a/b ratio, in two
sweetpotato cultivars, Beauregard (YB) and Evangeline (YE), measured at
40 and 47 days after transplanting

Each data point is the mean of three measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
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Cultivar Beauregard had steeper increment in carotenoid content compared to
Evangeline with declining soil moisture content. Chlorophyll a and b ratio was not
significantly different between cultivars (Fig. 3.3C). However, the interaction (p<0.05)
between soil moisture and cultivars was significant (Table 3.1). Similarly, the
Chlorophyll a and b ratio did not show a correlation with changing soil moisture (Fig.
3.3C).
Cell membrane thermostability did not exhibit a significant difference between
cultivars but differed across soil moisture treatments, and increased linearly with
increasing soil moisture content (Fig. 3.4A). In contrast, there was a significant
interaction in CSI between soil moisture content and cultivars (Table 3.1). The CSI
differed significantly between cultivars and across soil moisture regimes. The CSI
decreased linearly with decreasing soil moisture content in both cultivars.
From very low to moderate soil moisture deficit, cultivar Beauregard exhibited
higher CSI than Evangeline, whereas no significant difference was found between
cultivars towards higher soil moisture treatments (Fig. 3.4B).
Net photosynthesis rate increased linearly with increasing soil moisture levels in
Beauregard, whereas it increased quadratically in Evangeline (Fig. 3.5A). With
increasing soil moisture content, the rate of net photosynthesis of cultivar Beauregard
was significantly higher than the cultivar Evangeline, until moderate soil moisture levels
(0.164 m3 m-3 of VWC). However, the differences between cultivars did not exist towards
the higher soil moisture conditions (> 0.164 m3 m-3 of VWC). On average over cultivars,
net photosynthesis rate dropped by 45% from the highest and lowest soil moisture
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measured in this study (Fig. 3.5A). Also, there was a significant interaction in net
photosynthesis between sweetpotato cultivars and soil moisture treatments (Table 3.1).

Figure 3.4

Relationship between soil moisture content and (A) cell membrane
thermostability and (B) chlorophyll stability index in two sweetpotato
cultivars, Beauregard (YB) and Evangeline (YE), measured at 40 and 47
days after transplanting

Each data point is the mean of three measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
There was an interaction between cultivar and soil moisture content for stomatal
conductance (Table 3.1). Further analysis indicated that there was no difference between
the two cultivars of sweetpotato for stomatal conductance in response to soil moisture
(Table 3.1). Stomatal conductance increased linearly with increasing soil moisture in both
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the cultivars (Fig. 3.5C). Also averaged over cultivars, stomatal conductance increased by
74% as soil moisture content increased from 0.058 to 0.256 m3 m-3 of VWC, respectively.
Similar to the relationship between net photosynthetic rate and soil moisture
content, there was a significant interaction in transpiration rates between two cultivars
across soil moisture treatments (Table 3.1). The transpiration rate of cultivar Beauregard
increased linearly with increasing soil moisture levels, whereas it increased quadratically
in cultivar Evangeline. Also, the transpiration rate of Evangeline was significantly higher
at moderate soil moisture levels (0.164and 0.216 m3 m-3of VWC) compared to very low
soil moisture levels, 0.058and 0.107 m3 m-3of VWC (Fig. 3.5B). Photosynthetic WUE of
both cultivars was significantly influenced by soil moisture treatments and declined
quadratically with increasing soil moisture levels (Fig. 3.5D). In addition, photosynthetic
WUE was superior in cultivar Beauregard than Evangeline and the interaction between
cultivars and SMC was non-significant (Table 3.1).
There was a significant interaction (p≤05) in the ratio of internal to external CO2
concentration (Ci/Ca) between soil moisture treatments and cultivars (Table 3.1). On
average over cultivars, the Ci/Ca increased 39% when the soil moisture content increased
from 0.058 to 0.256 m3 m-3 of VWC (Fig. 3.6A).
Similarly, there was a significant interaction in chlorophyll fluorescence between
soil moisture content and cultivars (Table 3.1). Chlorophyll fluorescence of both cultivars
increased quadratically with increasing soil moisture (Fig. 3.6B). However, after
moderately low soil moisture deficit (0.107 m3 m-3 of VWC), chlorophyll fluorescence
between two cultivars differed significantly with increasing soil moisture levels.
Chlorophyll fluorescence in the cultivar Evangeline was 5% higher than the cultivar
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Beauregard between soil moisture levels from moderate (0.164 m3 m-3 of VWC) to full
soil moisture conditions (0.256 m3 m-3 of VWC).

Figure 3.5

Relationships between soil moisture content and (A) net photosynthesis,
(B) stomatal conductance, (C) transpiration rate, and (D) intrinsic water use
efficiency of two sweetpotato cultivars, Beauregard (YB) and Evangeline
(YE), measured at 30, 36, 42, and 49 days after transplanting

Each data point is the mean of three measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
No significant interaction was found in electron transport rate (ETR) between soil
moisture content and cultivars. However, there was a significant difference between the
ETR of two cultivars across soil moisture treatments (Table 3.1). The ETR increased
quadratically with increasing soil moisture content (Fig. 3.6C). On average over cultivars,
ETR increased by 40% as soil moisture level increased from very low (0.057 m3 m-3 of
VWC) to full soil moisture condition (0.256 m3 m-3 of VWC).
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Vine length of both cultivars increased exponentially as sweetpotato plants
developed at medium and high SMC, but not at low SMC (Fig. 3.7A and B).

Figure 3.6

Relationships between soil moisture content and (A) ratio of internal to
external [CO2], (B) fluorescence, and (C) rate of photosynthetic electron
transport in two sweetpotato cultivars, Beauregard (YB) and Evangeline
(YE), measured at 30, 36, 42, and 49 days after transplanting

Each data point is the mean of three measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
51

After 35 DAT, vine length of both cultivars differed significantly across soil
moisture treatments except at very low soil moisture levels (0.058 and 0.107 m3 m-3 of
VWC). Vine elongation rate of both cultivars increased linearly with increasing soil
moisture levels (Fig. 3.8A). The vine elongation rate of cultivar Evangeline was higher
than Beauregard resulting in longer vines (Fig. 3.8A). Across the soil moisture
treatments, the vine length of both cultivars differed significantly (Table 3.2). Very high
soil moisture deficit caused marked maximum decrease in vine length, 70% and 80% for
Beauregard and Evangeline, respectively, compared to full soil moisture condition (0.256
m3 m-3 of VWC) at 50 DAT (Fig. 3.7A and B).Similar to vine length, total leaf area per
plant increased with age of the sweetpotato plants (Fig. 3.7C and D). At 30 DAT, the leaf
area per plant in both cultivars differed significantly except for higher water deficit
treatments (0.058 and 0.107 m3 m-3 of VWC).
On average, leaf area of both cultivars was 88% less with very low soil moisture
treatments compared to 0.256 m3 m-3 of VWC at 50 DAT. Leaf area expansion rate
expressed as a function of soil moisture content increased exponentially with increasing
soil moisture and there was no marked difference between cultivars across soil moisture
treatments (Fig. 3.8B). The number of leaves per plant increased linearly as the plant
aged (Fig. 3.7E and F). However, as similar to vine length and leaf area, leaf number per
plant had no marked difference under very high soil moisture deficit (0.058 and 0.107 m3
m-3 of VWC) for both cultivars. The leaf numbers of plants treated with 0.107 m3 m-3 of
VWC were 71% and 88% lower in Beauregard and Evangeline, respectively, compared
to the leaf numbers in plants treated with 0.256 m3 m-3 of VWC (Fig. 3.7E and F).
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Figure 3.7

Growth and developmental parameters, vine length (A and B), leaf area (C
and D), leaf number (E and F), and total biomass (G and H) of two
sweetpotato cultivars, Beauregard and Evangeline, respectively, in
response to five levels of soil moisture regimes and harvested at 5 days
interval until 50 days after transplanting

Each data point is the mean of four measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
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Table 3.2

Significance levels from the analysis of variance results for the effect of
days after transplanting (DAT) and soil moisture content (SMC)

on vine length (VL, cm), leaf area (LA, cm2), leaf number (LN), and total bio mass
(TBM, g plant-1) of two sweetpotato cultivars, Beauregard and Evangeline.
*** Significance level p≤ 0.001
ns. Not significant at p>0.05
Rate of leaf formation increased linearly as plants aged for both cultivars (Fig.
3.8C). Also, rate of leaf formation was higher in cultivar Evangeline compared to
Beauregard at soil moisture levels above moderate (0.164 m3 m-3 of VWC). However,
with increasing soil moisture deficit no difference in leaf formation rate was found
between the two cultivars. Total biomass of both cultivars increased exponentially as
plants aged in response to increasing soil moisture (Fig. 3.7G and H). Significant
interaction was found between DAT and SMC for biomass production per plant in both
cultivars (Table 3.2). Also, plants showed a significant difference in biomass production
over time among soil moisture treatments (Table 3.2). Very high soil moisture deficit
caused a marked maximum reduction in biomass yield per plant, 85% and 87% for the
cultivars Beauregard and Evangeline, respectively, compared to full soil moisture
condition (Fig. 3.9A). Biomass accumulation rate showed a linear increase with
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increasing soil moisture levels in both cultivars with no significant difference between
them (Fig. 3.8D). Similarly, the root biomass at very low soil moisture levels decreased
by 71%, compared to full soil moisture condition, which is relatively lower than the
decline in total biomass (Fig. 3.9B). The root to shoot ratio declined quadratically in both
cultivars (Fig. 3.9C). The root to shoot ratio of cultivar Evangeline declined more rapidly
than Beauregard with decreasing soil moisture deficit stress.
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Figure 3.8

Growth and development rates (A) vine elongation rate, (B) leaf area
expansion rate, (C) leaf formation rate, and (D) biomass accumulation rate
of two sweetpotato cultivars, Beauregard and Evangeline, in response to
five levels of soil moisture regimes and harvested at 5 days interval until 50
days after transplanting

Each data point is the mean of four measurements. Bars represent standard errors of the
means and are shown when larger than the symbols.
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Discussion
This is the first report to characterize early season growth, developmental and
physiological behaviors of two commercially grown sweetpotato cultivars, Beauregard
and Evangeline, in response to a wide range of soil moisture regimes.
Water transport system in plant is a dynamic process (Cowan and Milthorpe, 1968) and
the plant water status has a marked diurnal variation (Cowan, 1965). Variation in
stomatal conductance causes changes in leaf water potential by changing the rate of
transpiration (Farquhar and Sharkey, 1982). The leaf water potential decreases with
drought (Sato et al., 2004). In our study, the midday LWP declined linearly in accordance
to the increasing level of soil moisture deficit imposed through different irrigation water
amounts (Fig. 3.2). In contrast, Wahbi et al. (2005) reported that the midday LWP of
olive plants (Olea europea), irrigated with two levels of evapotranspiration-based
irrigation (0.128 and 0.256 m3 m-3 of VWC or 50 and 100% FC) was not different.
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Figure 3.9

Relationship between soil moisture content and (A) total biomass, (B) root
biomass, and (C) root to shoot ratio in two cultivars of sweetpotato,
Beauregard (YB) and Evangeline (YE) measured 50 days after
transplanting. Each data point is the mean of four measurements

Bars represent standard errors of the means and are shown when larger than the symbols.
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According to Bonal and Guehl (2001), a decrease in stomatal conductance was
responsible for maintaining midday LWP of seedlings in tropical rain forest species.
Bhattacharya et al. (1990) have reported that sweetpotato plants under water stressed
conditions experienced a more rapid decrease in water potential. They also reported that
midday LWP in sweetpotato plants grown under open-top chamber at well-watered and
water-stressed conditions for 14 days were -0.75 and -1.5 MPa, respectively. In our study,
midday LWP increased from -1.64 to -0.82 MPa, with increasing soil moisture from very
low (0.058 m3 m-3of VWC) to full soil moisture (0.256 m3 m-3of VWC) which is in line
with the findings of Bhattacharya et al. (1990). Saraswati et al. (2004) reported that LWP
at FC and permanent wilting point of sweetpotato plants varied from -0.19 to -1.42 MPa,
respectively. Williams and Araujo (2002) reported that midday LWP is a reliable
estimate to assess the water status of plants because it correlates with leaf gas exchange
and other growth and physiological parameters using grapevine (Vitis vinifera) plants. In
our study, the midday LWP was not different between cultivars. Similar results were
found by Saraswati et al. (2004), where there was no difference among 15 sweetpotato
cultivar tested and the LWP progressively declined when water supply was restricted.
Such decreases in leaf water potential caused by soil moisture deficit stress are well
documented in other crop species such as wheat (Triticum spp.) (Siddique et al., 2000),
cassava (Manihot utilisima;Ike and Thurtell, 1981), and grapevine (Williams and Araujo,
2002).
Leaf photosynthetic pigments are vital to plants primarily for light harvesting in
the photosynthesis process and production of reducing power (Jaleel et al., 2009). In our
study, we noticed a reduction in total chlorophyll concentrations with low soil moisture
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compared to well-watered treatments in both the cultivars. This reduction in chlorophyll
content under soil moisture stress is consistent with the reports of Hsu and Kao (2003),
Parida et al. (2004), and Yooyongwech et al. (2013). Both chlorophyll a and b are
sensitive to soil moisture stress (Farooq et al., 2009) and reduced chlorophyll content in
sweetpotato is due to the damaging effects of high soil moisture deficit stress. Oxidative
stress will typically reduce chlorophyll content (Smirnoff, 1993). According to Brito et
al. (2003), the reduction in leaf chlorophyll content was a result of either increase in
chlorophyll degradation or decrease in chlorophyll synthesis with the changes in
thylakoid membrane structure. In contrast, Heuer (1997) reported that the reduction in
chlorophyll was due to reduction in Rubisco activity under stress condition. Our results
are in agreement with the responses of other crops to soil moisture deficit, such as
eggplant (Solanum melongena, L; Kirnak et al., 2001), kiwi fruit (Chartzoulakis et al.,
1993), and cotton (Gossypium hirsutum; Massacci et al., 2008), where leaf chlorophyll
content was greater with full soil moisture (0.256 m3 m-3of VWC) compared to the soil
moisture deficit conditions. According to Jaleel et al. (2009), carotenoid, other than
acting as photosynthesis pigments partially assist the plants to withstand drought stress.
In our study, there was an increment in carotenoid concentration as soil moisture stress
increased. According to Farooq et al. (2009) drought stress made plants to change in their
ratio of chlorophyll a and b. In contrast, there was no change in the ratio of chlorophyll a
and b in our study, with changing soil moisture deficit. The chlorophyll a to b ratio was
reduced in two cultivars of okra (Abelmoschus esculentus Moench) grown under water
deficit stress condition compared to fully watered condition (Estill et al., 1991; Ashraf et
al., 1994). The leaf photosynthetic rate of plants decreased due to reduction in LWP.
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Reports have indicated that soil moisture deficit limits leaf photosynthesis both through
the stomatal closure and metabolic impairment or non-stomatal limitation which include
enzyme deactivation and reduction in pigment concentration (Lawlor and Cornic, 2002;
Lawson et al. (2003). However, both stomatal and non-stomatal limitations were
responsible for the reduced rate of photosynthesis under drought stress (Farooq et al.,
2009).
Another approach used to assess membrane stability to water stress is electrolyte
leakage from leaf tissues. This parameter allows evaluating the stability of a cell
membrane to maintain their integrity at low water levels (Bajji et al., 2002). Severe water
stress affects cellular membrane integrity, which results in a loss of aqueous solution and
affects various physiological processes including photosynthesis. In our study, electrolyte
leakage was presented as the indicator for CMT and we noticed a significant decrease in
CMT as soil moisture deficit increased (Fig 3.4A). Kirnak et al. (2001) reported a similar
trend under drought stress, where eggplants showed an increase in electrolyte leakage
resulting from low CMT compared to a well-watered control. They further found that this
increment in electrolyte leakage was associated with the reduction in chlorophyll
concentration which was due to leaf senescence.
Generally, water deficit disturbs leaf photosynthesis and generates free radicals
(Raoudha et al., 2007). This induces lipid membrane peroxidation of the thylakoid
followed by chlorophyll degradation (Hale and Orcutt, 1987). We noticed a significant
drop in chlorophyll stability at very high soil moisture deficit treatments in Evangeline.
However, chlorophyll stability was higher in Beauregard compared to Evangeline
between very low (0.058and 0.107 m3 m-3of VWC) and moderate (0.164 m3 m-3of VWC)
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soil moisture conditions (Fig 3.4B). Higher CSI values indicate more available
chlorophyll in plants that promote tolerance to stress conditions (Kar et al., 2005). Low
CSI caused by severe drought conditions results in degradation of chlorophyll by the
action of enzymes (Gholami et al., 2012). No significant reduction in CSI from mild
water stress (0.216 m3 m-3 of VWC) to high soil moisture content (0.256 m3 m-3 of VWC)
was noted meaning that mild water stress have a limited effect on chlorophyll stability of
sweetpotato two cultivars.
Supply of water in sub-optimal amounts will cause varying levels of water stress
that subsequently lead to a variety of physiological plant responses (Lawlor and Cornic,
2002). Under drought condition, plants showed a reduction in rate of photosynthesis
(Yooyongwech et al., 2013), which caused a reduction in the amount of metabolites and
energy necessary for growth and maximum crop production (Kulkarni and Phalke, 2009).
Under these conditions plants adjust themselves to utilize more efficiently this reduced
availability of water for their maximum benefit. Stomatal closure is an early response to
soil moisture stress aimed at saving water through transpiration. This causes internal CO2
concentration to drop due to the common diffusion pathway of CO2 and H2O affecting
the rate of photosynthesis negatively (Sharkey and Schrader, 2006). In our study, a 45%
drop in net photosynthesis rate was observed when the soil moisture level was reduced
from full soil moisture (0.256 m3 m-3of VWC) to very low soil moisture (0.058 m3 m-3of
VWC). In another study, Van Heerden and Laurie (2008) found 20% and 47% drop in
rate of photosynthesis at 9 and 13 weeks after transplanting, respectively, with soil
moisture treatment less than 0.079 m3 m-3of VWC (30% FC) compared to 0.263 m3 m-3of
VWC (100% FC) . They also reported a drop of 34% in Ci when soil moisture content
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photosynthetic pigments. Overall, the reduction in sweetpotato growth was associated
with higher levels of water deficit stress appears to be limiting both source capacity (leaf
area) and performance (photosynthetic performances) leading to a lower biomass and
storage root yield. The two sweetpotato cultivars showed a mixture of growth,
developmental, and physiological performances against soil moisture deficits. However,
WUE was significantly higher in cultivar Beauregard across all the soil moisture
treatments. Further, the functional relationships developed in this study can be utilized to
optimize soil moisture during early stage of sweetpotato growth, including the critical
storage root initiation period and finally could optimize storage root yield in sweetpotato.
Also, the functional relationships between soil moisture and growth and developmental
processes will be useful for sweetpotato crop modelling, field level irrigation scheduling,
and planting decisions.
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CHAPTER IV
SOIL MOISTURE EFFECTS ON SWEETPOTATO GROWTH,
DEVELOPMENT, AND PHYSIOLOGY AT
MID AND LATE SEASON

Abstract
Soil moisture management is vital to produce a profitable sweetpotato crop
especially with shrinking water supply and changing climate during mid and late season.
Soil moisture-dependent quantitative information on sweetpotato growth, developmental,
and physiological processes is vital for management and modelling. This study was
conducted to quantify the growth, physiology, biomass, and storage root yield responses
of sweetpotato (Ipomoea batatas L. (Lam)), cultivar Beauregard under four
evapotranspiration (ET) based irrigation treatments (20, 40, 60, and 100% ET), in a
specialized controlled environmental chambers, with nine replications in each chamber.
Treatments were imposed at 41 to 97 days after transplanting and midday leaf water
potential (LWP) was measured before and after imposing the treatments. Gas exchange
and other physiological measurements were recorded during last three weeks of the
experiment. Growth and development were determined at final harvest and total and
plant-component dry weights were measured. The midday LWP was strongly correlated
with soil moisture content (r2 = 0.86). Net photosynthesis decreased linearly with
shrinking soil moisture and both transpiration rate and stomatal conductance changed
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with similar trend. Water use efficiency increased linearly with increasing water deficit.
Both internal CO2 concentration and chlorophyll fluorescence declined quadratically with
shrinking soil moisture. Vine length, Leaf area, and average node number per plant
decreased linearly with shrinking soil moisture at the rates of 3.2 cm, 96.6 cm2, and 0.39
no. per unit change in irrigation (% ET). The number of storage roots produced was not
affected. Both leaf and stem biomass decreased linearly and storage root biomass
quadratically with shrinking irrigation. The optimum ET for storage root biomass was
72% and less assimilates was partitioned to storage roots above that level. Outcomes of
this research will facilitate the producers to adjust their planting dates based on rainfall
patterns or adjust their irrigation to maintain optimum irrigation, to obtain better yield
and researchers could build a model-based decision support system capable of predicting
yield.
Introduction
Sweetpotato is grown in tropical and subtropical regions primarily for its storage
roots which are used as a valuable source of food (Woolfe, 1992). It is a major root crop
that ranks seventh in annual food production worldwide (Bovell-Benjamin, 2007; Ku et
al., 2008). In the Southern states of the United States, sweetpotato production is an
important agricultural business (USDA, 2002), and contributed more than $500 million to
the country’s economy in year 2012 (USDA, 2013). Even though sweetpotato is capable
of adapting to a variety of environmental conditions (Marti, 1988), productivity is
constrained by various abiotic stresses as in many other crops. Many sweetpotato
cultivars have shown wide adaptability to various environmental conditions (Martin,
1988); however, drought and temperature either alone or combination affects both
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quantity and quality of storage roots (Lebot, 2010). Early season soil moisture
requirement of sweetpotato for higher number and early initiation of storage roots have
been addressed (Gajanayake et al., 2013). Other than higher number and early initiation
of storage roots (Villordon et al.,2012), sufficient soil moisture is required to early
development, maintenance of leaf area during early and mid-season for maximum
assimilate production and to maintain leaf turgidity, so as not to restrict photosynthesis
process (Siqinbatu et al., 2013). Sweetpotato is grown as a rain-fed crop in most parts of
the world including Mississippi and is subjected to fluctuating soil moisture conditions
during the growing season in the field. In California, however, like most other crops, it is
grown under furrow or drip irrigated conditions (Stoddard et al., 2013) and producers are
capable of adjusting soil moisture as needed to maximize storage production.
Water is essential for normal physiological activities and membrane transport
processes in plants and thus vital for plant growth and development (Saseendran et al.,
2008). Adequate soil moisture through the supply of timely irrigation or precipitation
events is crucial for successful crop performance. Plants experience soil moisture deficit
stress either when the water supply to root zone become difficult or when the
transpiration demand surpasses the absorption (Saseendran et al., 2008). Drought is a dry
weather condition for an extended period of time, characterized by a shortage of water
supply to plants and causes extensive losses to agricultural production worldwide
(Acquaah, 2007; Chaves et al., 2002). Soil moisture deficit to plants is explained as the
induction of turgor pressure below the maximal potential pressure and the magnitude of
such stress is determined by the extent and duration of the deprivation (Pugnaire et al.,
1999). Crop plants experience water deficit stress when the water potential and turgor are
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reduced enough to interface with normal functions (Hu et al., 2006; Jaleel et al., 2009). In
sweetpotato, it is one of the crucial abiotic stresses, which limits growth and
development, affecting storage root production and yield (Indira and Kabeerathumma,
1988; Van Heeden et al., 2008). On the contrary, excess soil moisture also causes
injurious effects on growth and development of field crops (Rao and Li., 2003) and
reduces sweetpotato storage root yield (Ghuman and Lal, 1983; Siqinbatu et al., 2013).
With the predicted future climate change, in combination with various human related
activities, the water shortage, drought, and excessive rainfall progressively become worse
(Jury and Vaux, 2007) and might have greater degree of impact on crop production and
productivity.
The various physiological modifications of plants to soil moisture deficit stress
generally vary with the severity and the duration of water stress (Aguera et al., 1997).
Soil moisture deficit stress has substantial influence on many gas exchange processes
(Ohashi et al., 2006). Photosynthesis process is exceptionally sensitive to plant water
content and limitations of photosynthetic carbon metabolism under restricted irrigation
supply have been studied in many food crops (potato, Fleisher et al., 2008; rice, KanoNakata et al, 2011; maize and sorghum, Kakani et al, 2011; Soybean, Ohashi et al.,
2006). Both stomatal and non-stomatal limitations have been implicated for reduced leaf
photosynthesis under moisture deficit conditions (Faver et al., 1996). According to Van
Heerden (2008), the photosynthesis process of sweetpotato exposed to drought stress
inhibited primarily due to closure of stomata. Also, both aboveground biomass
accumulation and photosynthesis per unit leaf area are responsible for yield reduction at
restricted water supply.
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The reduction in crop growth and yield by soil moisture deficit stress can be
accounted through modification of various physiological functions (Chartzoulakis et al.,
1993). At the beginning of soil moisture stress, it causes a loss of cell turgor (Saure,
2001), which, in turn, causes reductions in photosynthesis (through the closure of
stomata) and leaf elongation (Bradford and Hsiao, 1982), as both are turgor dependent
processes. Since biomass accumulation in crops is a function of light intercepted by
canopy and its transformation into dry matter through photosynthesis (Monteith, 1965),
which implies that plant growth depends on carbon flux. This ultimately affects
negatively to plant carbon status by impairing carbon metabolism (Chaves et al., 2009),
promoting growth failure due to carbon starvation (Boyle et al., 1991). In sweetpotato,
prolonged soil moisture deficit during mid- and late-season causes inhibition of canopy
development, limits photosynthetic activity, which ultimately affects critical phenophases
such as storage root development and bulking and reduces storage root yield and quality
(Gollifer, 1980; Lewthwaite and Triggs, 2012). Jones et al. (1985) emphasized that the
reduction of sweetpotato yield was more marked during plant maturity, particularly
during storage root bulking stage than during the initial stage of vegetative growth.
Excessive soil moisture at late season also had negative effects on storage root yield (Rao
and Li, 2003). According to Siqinbatu et al. (2013), root injuries and growth inhibitions
are induced by O2 deficiency in the root environment under such conditions. Sweetpotato
grown in excessive soil moisture is inappropriate for the growth and significantly
decrease storage root yield (Siqinbatu et al., 2013).
Lack of sufficient rainfall and timely irrigation during the summer in the Southern
USA delimits sweetpotato yields and the quality of storage roots causing significant
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economic losses to producers. Water deficit and surplus conditions during crop
maturation period also negatively affects final yield. Sweetpotato production regions in
the United States are prone to variable soil moisture levels and surplus and fluctuations in
soil moisture during the summer months may affect crop survival, performance, and final
yield.
The importance of modified biomass partitioning of biomass to various plant
components including threshold levels of soil moisture for starch synthesis and
enlargement of storage roots is not clearly determined. Also, quantitative information
regarding the responses of sweetpotato to a wide range of soil moisture regimes during
late season, which includes two key physiological events, storage root development and
storage root maturity (bulking) is lacking. Also, little work has been done to optimize soil
moisture during mid- and late-season of sweetpotato. Thus, there is a need to more
precisely quantify the effects of different soil moisture regimes during late season, which
required for optimum sweetpotato storage root production. Therefore, this study aimed to
quantify the effects of wide range of soil moisture levels, on growth, developmental,
physiological responses of sweetpotato, determine the optimal soil moisture for storage
root bulking, and to determine soil moisture-specific functional algorithms which can be
used to develop sweetpotato crop models.
Materials and Methods
Research facility
This study was conducted during the summer of 2011, in four sunlit Soil-PlantAtmosphere-Research (SPAR) chambers located at the Rodney Foil Plant Science
Research Center, Mississippi State University (33o 28’N, 88o 47’W), MS, USA. The
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SPAR facility has the capacity to precisely control air temperatures and carbon dioxide
concentration at pre-determined set points for plant growth experiments under near
ambient levels of photosynthetically active radiation (PAR). Each SPAR chamber
consists of a steel soil bin (1 m deep by 2 m long by 0.5 m wide) to accommodate the
root system, a Plexiglas chamber (2.5 m tall by 2 m long by 1.5 m wide) to accommodate
root and aerial parts, respectively. The SPAR units supported by an environmental
monitoring and control systems are networked to provide automatic acquisition and
storage of the data, monitored every 10 s throughout the day and night. Air ducts located
on the northern side of each SPAR unit connect the heating and cooling devices to each
unit. Conditioned air was passed through the plant canopy with sufficient velocity to
cause leaf flutter (4.7 km h–1) and was returned to the air-handling unit just above the
soil level. Chilled ethylene glycol was supplied to the cooling system via several parallel
solenoid valves that opened or closed depending on the cooling requirement. Chamber air
temperature, [CO2], and soil watering in each SPAR unit, as well as continuous
monitoring of all-important environment and plant gas exchange variables, were
controlled by a dedicated computer system (Reddy et al., 2001). The [CO2] in each SPAR
unit was monitored and adjusted every 10 s throughout the day, and maintained within
400 ± 10 μmol mol–1. The mean temperature (day/night) in different SPAR units were not
significantly different (Table 4.1). The daytime temperature (30°C) was initiated at
sunrise and returned to the nighttime temperature (22°C) 1 h after sunset. Many details of
the operations and controls of SPAR chambers have been described by Reddy et al.
(2001).
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Plant culture and evapotranspiration based soil moisture treatments
Sweetpotato cultivar, Beauregard, (B14) (Rolston et al., 1987) slips transplanted
on 5 July, 2011 in fine sand of the SPAR chambers in three rows and three plants per row
were used for each soil moisture treatment. Plants were fertigated with full-strength
Hoagland nutrient solution (Hewitt, 1952) delivered at 800, 1200, and 1700 h to ensure
optimum and water conditions for plant growth through an automated and computer
controlled drip irrigation system. The excess solution was drained through the holes in
the pots and at the bottom of the SPAR soil bins. Irrigation treatments were based on
daily measurement of evapotranspiration estimated by collecting condensate from the
cooling coils (Reddy et al., 2001). The relative humidity (RH) of each chamber was
monitored with a humidity and temperature sensor (HMV 70Y, Vaisala Inc., San Jose,
CA) installed in the returning path of airline ducks. The vapor pressure deficit (VPD) in
the units were calculated from these measurements as per the Murray (1967) and
presented in Table 4.1. Based on ET values recorded on previous day, the amount of
water provided to each treatment was adjusted by making changes in the time and
duration of irrigation provided. Prior to launching the ET based irrigation treatments at 41
DAT, plants were irrigated with 100% ET. Accordingly, four treatments 100, 80, 60 and
40% of ET of the control (100% ET) were imposed from 41 to 97 DAT (Table 4.1).
Variable density shade clothes (Hummert Seed Co., St. Louis, MO) placed around the
edges of plants at emergence, were adjusted regularly to match plant heights, simulating
the radiation attenuation through the canopy natural shading by other plants.
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Measurements
Soil and water potential
Three soil moisture probes (Decagon Devices, Inc., Pullman, WA), inserted at 15
cm soil depth from the surface and 50 apart in each treatment, were used to monitor soil
moisture content at 10-s basis and integrated by day are used in the analysis from
transplanting to 97 DAT (Fig.4.1A). Midday LWP was measured using pressure chamber
method as described by Turner (1988), three times before (10, 28, and 39 DAT) and more
regularly (18 times) after imposing treatments, to keep track of soil and plant water status
in each water-stressed treatment (Fig.4.1B). Youngest fully expanded leaves from three
plants were used to estimate midday LWP in each treatment during the study. In addition,
diurnal trends of LWP was measured from 3:00 h to 22:00 h for three days (78, 81, and
89 DAT) using the same method (Fig. 4.2).
Table 4.1

The set treatments, percent of daily evapotranspiration (ET) imposed at 42
DAT and measured chamber CO2 concentration from a typical day, mean
temperature and vapor pressure deficit (VPD) during the experimental
period for each treatment.

† Each value represents the mean ± SE for one typical day for CO2, and for temperature
and VPD.
‡ Midday LWP values are average values for each treatment from 65 to 97 DAT
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Figure 4.1

Temporal trends in sweetpotato (A) average daily soil moisture content and
(B) midday leaf water potential (measured at noon time) during the
experimental period for evapotranspiration (ET) based irrigation
treatments.

The arrow indicates the day treatments were imposed. Soil moisture values were the
average values of three soil moisture sensors at 15 cm depth soil column and mid-day
leaf water potentials were average of three measurements taken from most recently fully
expanded leaves from three different plants using pressure chamber method.
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Figure 4.2

Diurnal variation of leaf water potential in sweetpotato plants imposed with
20%, 40%, 60%, and 100% ET based irrigation treatments.

Leaf water potential values were measured average values of three days (87, 89, and 91
DAT) during the treatment period of 41 – 97 DAT using pressure chamber method. The
standard errors of the mean are shown when larger than the symbols (n = 3).
Gas exchange and fluorescence measurements
Leaf net photosynthesis rate (PN), stomatal conductance (GS), transpiration rate
(E), and chlorophyll fluorescence (Fv´/Fm´) were measured seven times from 73 to 92
DAT, from the youngest fully expanded main stem leaves between 1000 and 0100 h,
from three individual plants per treatment, using a LI-6400 portable photosynthesis meter
(Li-COR Inc., Lincolin, NE) with an integrated fluorescence chamber head (Li-COR
6400-40 leaf Chamber Fluormeter, LI-Cor Inc.). The temperature in leaf cuvette was set
to the respective day time air temperature of each treatment and [CO2] was controlled by
76

the CO2 injection system to match the 400 µmol mol-1 [CO2] treatments. The
photosynthetically active radiation provided by a 6400-02 LED light source was set to
1500 µmol m-2 s-1. Relative humidity inside the cuvette was maintained at approximately
50%. The fluorescence measurements were made using the built-in leaf chamber
fluorometer which used two red LEDs (center wavelength lies on 630 nm and a detector
radiation lies at 715 nm in the PS II fluorescence band). A flash light (>7000 μmol m-2 s1

) achieved by using 27 red LEDs was used to measure the maximal fluorescence (Fm´).

Rapid dark adaptation to measure minimal fluorescence (Fo´) was achieved by turning
off the actinic light while using the far red LED (center wavelength at 740 nm). The far
red radiation drives photosystem-I (PSI) momentarily to help drain PSII of electrons. The
software in the instrument provided data on the net photosynthetic rate (PN), stomatal
conductance (Gs), transpiration rate (Tr), leaf internal CO2 concentration (Ci), and
calculated quantum efficiency by (open) PSII reaction center in light (Fv´/Fm´). The
photosynthetic water-use efficiency of the plants was calculated as PN/GS at Ca = 400
µmol mol-1 (ambient CO2 concentration) and the ratio of internal to external CO2
concentration was calculated as Ci/Ca.
Photosynthetic pigments, chlorophyll stability index, and cell membrane
thermostability
Photosynthetic pigment content (chlorophyll a (Chl. a), chlorophyll b (Chl. b),
and carotenoids) and chlorophyll stability index (CSI) were measured by taking two sets
of leaf samples collected from five young fully expanded leaves for each treatment, two
times at 62 and 80 DAT. From one set of leaves, five leaf discs, each with 2.0 cm2 area,
from each treatment were collected randomly and placed in vials containing 5 ml of
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dimethyl sulphoxide for chlorophyll extraction. Absorbance of the supernatant was
measured using a Bio-Rad ultraviolet/VIS spectrophotometer (Bio-Rad Laboratories,
Hercules, CA) at 470, 648, and 663 nm. The total chlorophyll and carotenoids were
estimated by using the equation of Lichtenthaler (1987) as described by Chappelle et al.
(1992) and expressed on leaf area basis (µg cm-2). The CSI was determined according to
Sairam et al. (1997) using second set of leaves. Similar to the above procedure, leaf discs
each with 2.0 cm2 of area were collected from each treatment and incubated at 56°C in a
temperature-controlled water bath for 30 min. The set of tubes was brought to 25°C and
the total chlorophyll content was measured from the heat-treated samples as described
previously. The CSI was calculated as the ratio of total chlorophyll content in heated leaf
(56°C) to that in fresh leaf and expressed as a percentage using the following Equation
(Eq. [1]):
CSI (%) = [(Total chl. content in heat treated sample)/(Total chl. content in control sample)]Х 100

[Eq. 4.1]

The leaf cell membrane thermostability (CMT) was evaluated according to the
procedure described by Martineau et al. (1979). Two sets (control and treatment) of 10
leaf discs, each disc with 1.3 cm2, cut from five most recently fully expanded leaves were
placed in test tubes with 10 mL of deionized water. The leaf discs were thoroughly rinsed
three times with deionized water to remove electrolytes both adhering to the leaf surface
and leaching from the cut surfaces of the leaf discs. After final rinsing, all the test tubes
with leaf discs were filled with 10 mL of deionized water and capped with aluminum foil
to prevent evaporation of water. One set of test tubes was incubated for 20 min at 55°C in
a temperature controlled water bath, whereas the other set was left at room temperature of
25°C. After incubation, the sets of test tubes were brought to 25°C and initial
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measurement of conductance of the control (CEC1) and the treatment (TEC1) was
measured by an electrical conductivity meter (Corning Checkmate II; Corning Inc.,
Corning, NY) at room temperature. Tubes were then autoclaved at 0.1 MPa for 12 min to
kill tissues completely, releasing all the electrolytes. Tubes were then cooled to 25°C and
final conductance was measured (CEC2 and TEC2). The CMT was estimated using the
following Equation (Eq. [4.2]):
CMT (%) = [1 – (TEC1 / TEC 2) / (1 – CEC1 / CEC 2)] Х 100

[Eq. 4.2]

Growth, development, and biomass yield
Main vine length, main vine node numbers, and intermodal lengths were
measured using nine plants as replicates from each treatment. Total leaf area per plant
was measured with the LI-3100 leaf area meter (Li-COR Inc., Lincoln, NE) on the plants
at the final harvest, 97 DAT. Stems, leaves, and roots were separated from each plant
harvested and dry weights of those plant parts were determined by drying in an air forced
oven for 72 h at 75 °C. Storage root bulking efficiency was calculated as the ratio of
grams of storage root to kg of total biomass yield.
Data analysis
The SPAR units are identical in design to provide uniform growth conditions and
the treatments under study were finely controlled. All the measurements on nine plants in
each treatment were used as replicates for testing the significance of treatments, and
standard errors of the mean are provided in the tables and figures. The data on growth,
development, and dry matter were analyzed using general linear model PROC GLM in
SAS. Means were separated using Fisher’s protected least significant difference (LSD; P
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< 0.05). Regression analyses were performed for the gas exchange, other physiological
parameters, vine length, node number, intermodal length, leaf area, and total and plant
component biomass yields. Further, regression analysis was performed with soil moisture
content and midday LWP. To determine the best-fit equations between LWP and all
parameters, CV and root mean square error (RMSE) were used. Graphical analysis was
carried out using SigmaPlot 11.0 (Systat Software Inc., San Jose, CA).
Results and Discussion
To our knowledge, this is the first report to determine the functional relationships
of growth, developmental, and physiological responses of sweetpotato, cultivar
Beauregard, in response to a wide range of soil moisture regimes regulated by ET-based
irrigation at mid- and late-seasons, that could be useful for management decisions in the
field and in crop modelling. In this study, water deficit stress in sweetpotato plant,
determined through the leaf water potentials and sensor-based soil moisture monitoring
and estimated ET-based irrigation enabled a precise control of the treatments in the
SPAR units (Fig. 4.1) facilitating to accomplish the objectives, and to quantify the
sweetpotato responses as affected by different ET-based irrigation during mid- and lateseasons.
Soil moisture, leaf water potential, and evapotranspiration
The measured midday LWP (Fig. 4.3) also contributed to maintain the treatment
levels within the set limits with minimum variability (Table 4.1). The midday LWP, a
measure of atmosphere-plant-rooting zone soil water content, were not significantly
different prior to impose treatments.
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Figure 4.3

Relationship between soil moisture content and midday leaf water potential
of sweetpotato, cultivar Beauregard.

Mid-day leaf water potential values were measured during the treatment period (41 – 97
DAT) using pressure chamber method. Soil moisture content was measured from three
soil moisture sensors at 10 cm depth.
In this study, sweetpotato plants were grown in nearly natural environment under
optimum environmental condition up to 41 DAT and then imposing soil moisture
treatments were imposed once most of the canopy has developed nearly to its maximum
level to optimize the assimilate production and all storage roots are initiated. Except
100% ET treatment, midday LWP of other treatments declined after 41 DAT, with the
imposition of treatments and differed significantly among the treatments (Fig. 4.3, Table
4.1). On an average, the measured midday LWP, regulated through ET based irrigation,
showed -0.59 MPa for the control treatment, and 18%, 33%, and 63% lower than the
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control for the 60, 40, and 20% ET treatments, respectively. Also, measured average soil
moisture contents were positively and linearly correlated with midday LWP (R2 = 0.86,
Fig. 4.3).
Measured diurnal fluctuations in LWP of sweetpotato for ET based irrigation
treatments during three cloud-free days are shown in Fig 4.2. In all treatments leaf water
potential decreased slightly from dawn (04:00 h) until 09:30 h, after which it rapidly
decreased and reached minimum values at14:00 h. After that it increased with time and
stabilized. The rate of change was dependent on treatments and the highest variation was
found in 20% ET treatment. When the terrestrial plant roots absorb less water from the
soil than is transpired from shoots, water stress develops (Tezara et al., 1999). When the
plant water potential and turgor of cells get decreased and the concentrations of ions and
other solutes in the cell are increased, it results decrease in osmotic potential (Cornic and
Massacci, 1996). This will progressively close the stomata (Graan and Boyer, 1990),
decreasing the conductance to water vapour and therefore slowing transpiration and
ultimately starts developing the water deficit stress (Gimenez et al., 1992). Thus the
variation in stomatal conductance causes the changes in LWP by changing the rate of
transpiration (Farquhar and Sharkey, 1982). Therefore, the LWP decreases with drought
(Sato et al., 2004). In our study, the midday LWP was linearly declined (P = 0.01; r2 =
0.96) with increasing soil moisture deficit, imposed through different irrigation water
amounts (Fig. 4.3). According to Bhattacharya et al. (1990), sweetpotato grown under
water-limited conditions experienced a more rapid decrease in LWP. Midday LWP in
sweetpotato plants grown under open-top chamber experiment at well-watered and waterstressed conditions for 14 days varied from -0.75 and -1.5 MPa respectively
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(Bhattacharya et al., 1990). In our study, midday LWP increased from -1.6 to -0.59 MPa,
with increasing soil moisture from very low (20% ET based irrigation) to full soil
moisture (100% ET based irrigation) which is close enough with the findings of the
Bhattacharya et al. (1990). The midday LWP is a reliable estimate to assess the water
state of plants because it correlates with leaf gas exchange and other growth and
physiological parameters in grape vine (Williams and Araujo, 2002). Decreasing trends
between LWP and the soil moisture deficit stress were well documented in other crop
species such as wheat (Triticum spp., Siddique et al., 2000), cassava (Manihot utilisima;
Ike and Thurtell, 1981), and grapevines (Williams and Araujo, 2002). Ghuman and Lal
(1983) studied late season (83 DAT) sweetpotato plant water relations in response to six
soil moisture regimes and reported that the diurnal fluctuations in leaf water potential
followed the diurnal changes in the ambient air temperature and relative humidity. In our
study, the day-time temperature was maintained at 32 ± 0.4°C (Table 4.1) and only
relative humidity was subjected to change with time. The pattern of diurnal fluctuation in
LWP and the time of the day that reached lowest LWP of their experiment based on
degree of soil moisture deficit levels were comparable with our results. However, LWP
variation during a day was from -0.65 to -1.13 MPa compared to -0.59 to 1.58 MPa in our
experiment (Fig. 4.2).
Leaf photosynthesis and chlorophyll fluorescence
The responses of gas exchange parameters were presented in response to midday
LWP, as the soil moisture content, regulated with ET-based irrigation was closely
correlated with latter. The gas exchange parameters of the youngest fully expanded
leaves were significantly (P<0.001) affected by midday LWP (Fig. 4.4).
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Figure 4.4

Relationships between midday leaf water potential and photosynthesis rate
(A), stomatal conductance (B), transpiration rate (C), and intrinsic wateruse efficiency (D) of of sweetpotato, cultivar Beauregard (YB) measured
seven times between 40 and 90 days after transplanting

The standard errors of the mean are shown when larger than the symbols (n=3).
There is no significant difference in gas exchange parameters between measuring
times during the treatment period (41-97 DAT). With declining LWP (leaf dehydration)
photosynthetic rate decreased linearly (Fig. 4.4A). Maximum leaf photosynthetic rate
(39.9 µmol m-2s-1) was observed at -0.62 MPa midday LWP. At very limited soil
moisture level (-1.58 MPa) there was a 30% reduction in net photosynthesis rate.
Compared to 100% ET leaf photosynthetic rate dropped by 30% at 20% ET irrigation
treatment (Fig. 4A). In a similar study with several soil moisture treatments (VWC), Van
Heerden and Laurie (2008) reported 20 and 47% drop in photosynthetic rate of
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sweetpotato at 9 and 13 weeks after transplanting, respectively, with soil moisture less
than 0.079 m3 m-3 of VWC resembling 30% FC. However, we didn’t experience any
difference in leaf photosynthetic rate over time. Decrease in carbon assimilation rate and
the activity of photosynthetic enzymes under water deficient conditions have been
justified in different ways. Also, there is an ongoing argument as to whether soil moisture
deficit stress mainly limits photosynthesis through diffusive (stomatal and mesophyll
conductance) or through metabolic limitation (Farquhar and Sharkey, 1982; Lawlor and
Cornic, 2002). Similar to photosynthetic rate, both transpiration rate (Fig. 4.4B) and
stomatal conductance (Fig. 4.4C) declined linearly with declining LWP (Fig. 4.4B and
1C). Increase in transpiration rate through the stomatal regulation is a common and early
stage response to soil moisture deficit stress aimed at saving water, which also provide
opportunity to increase plant water-use efficiency (Parry et al., 2005; Pinheiro and
Chaves, 2011). The rate of decline in transpiration rate was steeper as compared to
stomatal conductance with increasing water deficit conditions. Water use efficiency was
significantly (P<0.001) increased linearly at a rate of 1.26 µmol CO2 m-2s-1 per unit (1
MPa) with declining LWP (Fig. 4.4D). The ratio of internal (Ci) to external (Ca) CO2
concentration declined (P< 0.001) quadratically with declining LWP in our study. The
optimum LWP for maximum Ci was around maximum water content (0.48 MPa) and
declined with further decline in LWP (Fig4.5). According to Lawlor and Cornic (2002),
reduced stomatal conductance is the primary cause of photosynthetic inhibition from
reduced supply of CO2 to the intercellular space under moderate drought condition.
Decline in stomatal conductance causes internal CO2 concentration to drop due to the
common diffusion pathway of CO2 and H2O affecting the rate of photosynthesis
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negatively (Sharkey and Schrader, 2006). The reduction in diffusive capacity engage twin
principle components namely closure of stomata, which restrict CO2 uptake from the
atmosphere into the leaf, and decreased mesophyll conductance, which restrict CO2
diffusion from the intercellular air spaces within the leaf to the actual site of carboxilation
within the chloroplast (Van Heerden and Laurie, 2008). With this, the actual chloroplastic
CO2 concentration could be substantially lower than the Ci even under a mild water
deficit stress condition. Medrano et al. (2002) reported that these diffusive limitations are
most probably the most common reasons for reduced rate of CO2 assimilation rate and
metabolic limitations are not the dominant factors under drought stress. Therefore, the
reduction in Ci is more responsible for reduction in leaf level assimilate rate in
sweetpotato. Singh et al. (2011) also found that stomatal limitation is accounting more to
the inhibition of photosynthesis of cowpea under water deficit stress.
The optimum LWP for chlorophyll fluorescence was around maximum water
content (0.61 MPa) and declined with further decline decrease in LWP (Fig.4.5).
Chlorophyll fluorescence is a rapid indication of changes in the maximum photochemical
efficiency of PS II (Baker and Rosenqvist, 2004). In our study, the decline in chlorophyll
fluorescence with declining LWP reflects that the dehydration resistance of photosystem
II of sweetpotato decline with increasing soil moisture deficit and the rate of decline was
higher at extreme soil moisture deficit conditions (20% ET). Taurneux et al. (2003)
reported that in potato chlorophyll fluorescence is affected only at relative water content
drops below 40%. Similar results were reported by Naumann et al. (2007) for two coastal
plants, Myrica cerifera (L.) and Phragmites australis), and Subrahmanyam et al. (2006)
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for wheat. However, compared to the other factors, fluorescence parameters have lesser
damaging influence on photosynthesis process as of soil moisture deficit stress.

Figure 4.5

Relationships between midday leaf water potential and ratio of internal to
external CO2 concentration (A) and chlorophyll fluorescence (B) of
sweetpotato cultivar Beauregard (YB) measured seven times between 40
and 90 days after transplanting

The standard errors of the mean are shown when large than the symbols (n=3).
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Pigments, cell membrane thermostability, and chlorophyll stability indices
Photosynthetic pigments are crucial to plants in the photosynthesis process and in
the production of reducing power (Jaleel et al., 2009). Total chlorophyll content declined
linearly (P ≤ 0.001) with decreasing LWP at a rate of 9.6 µg cm-2 MPa (Fig. 4.6A). In
contrast carotenoids content increased linearly with declining LWP (Fig. 4.6B). Plants
have adapted variety of mechanisms to withstand soil moisture deficit stress (Diaz-Espejo
et al, 2007) and some plants modify through the synthesis of photosynthesis pigment pool
as a flexible defense mechanisms (Doupis et al., 2013).

Figure 4.6

Relationships between mid-day leaf water potential and total chlorophyll
content (A) and carotenoids content (B) in sweetpotato, cultivar
Beauregard (Y) measured three times between 60 and 80 days after
transplanting

The standard errors of the mean are shown when larger than the symbols (n=3).
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Our results clearly indicates a marked decrease of the total chlorophyll and
increase in carotenoids synthesis (Fig.4.6 A and B). So such changes in the pigment pool
during the treatment period could be considered as a defense mechanism of sweetpotato
plants under water limited conditions to protect photochemical damages to PS II. Similar
results were found in Olive plants subjected to four ET-based irrigation treatments.
Further, both Smirnoff (1993) and Brito et al. (2003) reported that the decline in
chlorophyll content with soil moisture deficit may be attributed to chlorophyll
degradation or be due to chlorophyll synthesis deficiency, together with changes of
thylakoid membrane structure. Our results are in agreement with other crops such as
eggplant (Solanum melongena L), (Kirnak et al., 2001) in kiwi fruit (Chartzoulakis et al.,
1993) and cotton (Gossypium hirsutum L) (Massacci et al., 2008), where leaf chlorophyll
content was greater with full soil moisture compared to low soil moisture treatments.
Similar to our observations, Guha et al. (2010) reported that the total carotenoid content
had an increasing trend with soil moisture deficit in Mulberry (Morus spp. L.). Lawson et
al. (2003) believed that drought mainly limits photosynthesis process through the closure
of stomatal or metabolic impairment, which include enzyme deactivation and reduction in
pigment concentration.
Similar to total chlorophyll content, both cell membrane thermostability (CMT)
and chlorophyll stability index declined linearly (P = 0.001) with decreasing LWP (Fig
4.7A and B). Electrolyte leakage from leaf tissues is another key approach to assess
membrane stability to water deficit stress. This parameter allows evaluating the stability
of a cell membrane to maintain their integrity at low water levels (Bajji et al., 2002).
Severe water stress affects cellular membranes integrity, which results in a loss of
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aqueous solution and affects various physiological processes including photosynthesis. In
our study, electrolyte leakage was presented as cell membrane thermostability (CMT)
decreased at a rate of 13% per unit decrease in LWP (Fig 4.7A). Kirnak et al. (2001)
experienced a similar trend under drought stress condition, for egg plants (Solanum
melongena) where they observed a marked increase in electrolyte leakage resulting low
CMT compared to a well-watered control treatment. Generally, water deficit disturbs leaf
photosynthesis and generates free radicals (Raoudha et al., 2007). This induces lipid
membrane peroxidation of the thylakoid followed by chlorophyll degradation (Hale and
Orcutt, 1987). We noticed a drop in chlorophyll stability at a rate of 8% per unit decrease
in LWP (Fig. 4.7B). Higher CSI values indicate more available chlorophyll in plants that
will promote tolerance to conditions of stress (Kar et al., 2005) and low CSI caused by
severe drought conditions will result in degradation of chlorophyll by the action of
enzymes (Gholami et al., 2012).
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Figure 4.7

Relationships between leaf water potential and cell membrane
thermostability (A) and chlorophyll stability index (B) in sweetpotato,
cultivar Beauregard (YB) measured two three between 60 and 80 days after
transplanting.

The standard errors of the mean are shown when larger than the symbols (n=3).
Growth and developmental
The responses of growth and development related parameters were presented in
response to percentage of ET based irrigation treatments which closely associated with
both soil moisture content and midday LWP (Fig. 4.8A). Restricted water supply to
sweetpotato during mid and late season inhibit canopy development and limit
photosynthesis activity, which subsequently affects on storage root yield (Gollifer, 1980).
91

Similarly, Lewthwaite and Triggs (2012) reported that sweetpotato cultivar Beauregard
exposed to drought showed a greater canopy reduction with small but significant yield
loss. In our study, vine length imposed with four irrigation based ET treatments at
harvesting (97 DAT) decreased linearly (P= 0.01) with decreasing ET based irrigation
treatment (Fig. 4.8A). Vine length decreased at a rate of 3.2 cm per 1% change in ET.
Similar to vine length, both the node number and inter-nodal length decreased linearly (P
≤ 0.01) with increasing water deficit and the respective response rates were 0.39 no plant1

per 1% ET and 0.024 cm per 1% ET. According to Kirnak et al. (2001) both plant

growth and transpiration are turgor dependent processes and are substantially influenced
by soil water content either directly or indirectly. In our study, total leaf area per plant
declined with increasing water deficit stress and curtailed its leaf area by 97 cm2 per unit
percentage decrease in ET based irrigation (Fig. 4.9). Compared to 100% ET, leaf area
per plant was reduced by 98, 59, and 40%, in irrigation treatments of 20, 40, and 60% ET
respectively (Fig. 4.9). Kirnak et al., (2001) further reported that the growth and leaf
expansion rate are the first to be affected at the beginning of soil moisture stress followed
by a reduction in transpiration rate as a result of partial stomata closure.
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Figure 4.8

Relationships between evapotranspiration based irrigation and vine length
(A), average node number (B), and average node length (C) of sweetpotato
cultivar, Beauregard

The standard errors of the mean are shown when larger than the symbols (n=3).
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Fi g ur e 4. 9

R el ati o ns hi ps b et w e e n e v a p otr a ns pir ati o n b as e d irri g ati o n a n d l e af ar e a p er
pl a nt of s w e et p ot at o c ulti v ar, B e a ur e g ar d at 9 7 d a ys aft er tr a ns pl a nti n g.

T h e st a n d ar d err ors of t h e m e a n ar e s h o w n w h e n l ar g er t h a n t h e s y m b ols ( n = 3).
As s oil m oist ur e c o nt e nt d e cli n es, pl a nts m ai nt ai n w at er st at us b y r e d u cti o n i n
tr a ns pir ati o n r at e w hi c h r estri cts l e af ar e a e x p a nsi o n a n d e v e nt u all y d e cr e as e i n l e af ar e a
( Li u a n d St ütz el, 2 0 0 2). I n o ur st u d y, t his m ar k e d r e d u cti o n i n l e af ar e a is a str at e gi c w a y
of s w e et p ot at o t o c o ns er v e a n d m a n a g e its w at er c o nt e nt. Si mil arl y, Li u a n d S t ütz el
( 2 0 0 4) r e p ort e d t h at t h e r e d u cti o n of l e af ar e a is t h e f e asi bl e w a y of pl a nts t o m a n a g e l oss
of w at er t hr o u g h r e d u cti o n i n st o m at al n u m b er a n d d e cr e asi n g st o m at al c o n d u ct a n c e. I n
o ur st u d y, s w e et p ot at o pl a nts r estri ct tr a ns pir ati o n w at er l oss t hr o u g h r e d u cti o n i n
st o m at al c o n d u ct a n c e ( Fi g. 4. 4 C), l o w eri n g t h e r at es of vi n e el o n g ati o n, l e af ar e a
e x p a nsi o n, a n d l e af a d diti o n ( Fi g. 4. 8 A, B, a n d C).
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Biomass production and partitioning
Sweetpotato component biomass production was significantly (P ≤ 0.01) affected
by soil moisture deficit stress, regulated by ET-based irrigation treatments (Fig. 10). Both
total and storage root biomass declined quadratically with decreasing ET-based irrigation
treatments. The optimum soil moisture values for total and storage root biomass were at
100 and 72% ET-based irrigation levels, respectively.

Figure 4.10

Relationships between evapotranspiration based irrigation and total and
component (stem, leaf, and root) biomass allocation of sweetpotato,
cultivar, Beauregard, at 97 days after transplanting

The standard errors of the mean are shown when larger than the symbols (n=3).
The storage root biomass declined by 7% at high soil moisture treatment (100%
ET) compared to optimum at 72% ET. Bulking of sweetpotato storage root is associated
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with the increase in cell number due to cell division and enlargement as of substantial
filling with starch (Ravi et al., 2009). In contrast to the total and root biomass, both the
leaf and stem biomass decreased linearly with decreasing ET-based irrigation treatments.
The calculated storage root production efficiency declined linearly from 727 to
512 g kg-1 with increasing soil moisture deficit from 100 to 20% ET based irrigation
treatments, respectively. In our study, the optimum soil moisture for maximum storage
root yield was at 72% ET-based irrigation treatment. The storage root biomass declined
by 12 and 35% in ET-based irrigation treatments of 40 and 20% ET, respectively,
compared to the optimum soil moisture biomass. Our results are in agreement with the
results of both Indira and Kabeerathumma (1990) and Chowdhury (1996) which reported
that irrigation level less than 50% of cumulative pan evapotranspiration rate significantly
decreases storage root yield. In contrast, Lambeth, (1956) reported that considerable yield
increments have been gained through irrigating sweetpotato while maintaining soil
moisture at 40% of field capacity. Total marketable grade yield of sweetpotato can be
significantly improved by maintaining pan evaporation-based irrigation at 72%
(Thomson et al., 1992). They further reported that any irrigation beyond above level
resulted in rapid reduction in marketable grade storage root yield. Our results support
these findings.
We further observed a significant (P ≤ 0.001) declined in storage root production
efficiency from 727 to 512 g kg-1 with increasing soil moisture deficit from 100 to 20%
ET based irrigation treatments respectively. The limitations involved in sucrose to starch
metabolism either in leaves or storage roots are responsible for such reduction in storage
root bulking at soil moisture deficit conditions (Ravi et al., 2009). Under soil moisture
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d efi cit c o n diti o ns, t h e i m m e di at e n e e d of pl a nts is t o m ai nt ai n t h e w at er b al a n c e t hr o u g h
i n cr e asi n g w at er u pt a k e. As a s ur vi v al m e c h a nis m, pl a nt i n cr e as es its r o ot bi o m ass
t hr o u g h hi g h er r o ot gr o wt h a n d a d e q u at e r o ot el o n g ati o n is a d diti o n all y i m p ort a nt w h e n
t h e s oil m oist ur e is li mit e d ( B e n g o u g h et al., 2 0 1 1). I n o ur st u d y, w e e x p eri e n c e d a
d o u bli n g of r o ot t o s h o ot r ati o, w h e n t h e E T- b as e d irri g ati o n d e cr e as e d fr o m 1 0 0 % ( 1. 0 2)
t o 2 0 % ( 2. 3 3). S oil m oist ur e d efi cit str ess es r e d u c es b ot h r o ot a n d s h o ot gr o wt h, b ut r o ot
gr o wt h aff e ct e d l ess ( Li u a n d S t ütz el, 2 0 0 4). I n o ur st u d y, at v er y hi g h s oil m oist ur e
d efi cit tr e at m e nt ( 2 0 % E T), s h o ot bi o m ass r e d u c e d si g nifi c a ntl y ( 8 6 %) t h a n r o ot bi o m ass
( 7 1 %) c o m p ar e d t o f ull s oil m oist ur e ( 1 0 0 % E T). O ur r es ults c orr o b or at e t h e fi n di n gs of
W at a n a b e ( 1 9 7 9), w h o r e p ort e d t h at w h e n s oil m oist ur e c o nt e nt w as hi g h, s w e et p ot at o
h a v e l u x uri o us v e g et ati v e gr o wt h a n d littl e st or a g e r o ot d e v el o p m e nt. B ot h st e m a n d l e af
bi o m ass d e cli n e d li n e arl y ( P ≤ 0. 0 5) wit h i n cr e asi n g s oil m oist ur e d efi cit l e v els at a r at e
of 1. 0 4 a n d 0. 7 2 g pl a nt- 1( Fi g. 1 0). C o m p ar e d t o t h e 1 0 0 % E T- b as e d irri g ati o n tr e at m e nt,
st e m a n d l e af bi o m ass d e cli n e d b y 7 3 a n d 6 9 % at 2 0 E T %, 5 5 a n d 5 2 % at 4 0 % E T, a n d
3 7 a n d 3 5 % at 2 0 % E T tr e at m e nts, r es p e cti v el y ( Fi g. 1 0).
A cr oss E T- b as e d irri g ati o n tr e at m e nts, t h e pr o p orti o n of bi o m ass all o c at e d t o
st e m, l e a v es, a n d r o ots v ari e d si g nifi c a ntl y at 9 7 D A T ( Fi g. 1 1). Wit h i n cr e asi n g E Tb as e d irri g ati o n tr e at m e nts, t h e bi o m ass all o c at e d t o r o ots li n e arl y d e cli n e d ( P ≤ 0. 0 5).
T h e pr o p orti o n of bi o m ass all o c ati o n t o st or a g e r o ots at E T- b as e d irri g ati o n o pti m u m
( 7 2 %) f or st or a g e r o ot w as 5 6 %. T h e pr o p orti o n of t ot al bi o m ass all o c at e d t o l e af a n d
st e m i n cr e as e d li n e arl y wit h i n cr e asi n g E T- b as e d irri g ati o n ( Fi g. 1 1).
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Figure 4.11

Effect of different evapotranspiration based irrigation on biomass
allocation to various plant parts in sweetpotato cultivar, Beauregard, 97
days after transplanting

Bars represent standard errors of the mean (n = 9) and are shown when larger than the
symbols.
Therefore, with increasing soil moisture proportion of biomass partitioned to
economically important storage roots significantly declined, and the shoot biomass
increased. These results further suggest that, maintaining very high soil moisture close to
100% ET-based irrigation was detrimental on mid- and late-season growth and
development of sweetpotato storage roots. Similar plastic biomass allocation pattern was
recorded by Randeni and Caesar (1986) in potato, in response to higher temperature
treatments, where decreased tuber growth and increased shoot growth was observed.
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Summary and Conclusions
In this study, growth, development, and physiological responses of sweetpotato
cultivar Beauregard, to a wide range of soil moisture, regulated via ET-based irrigation
regimes, imposed from 41-97 DAT were quantified under optimum temperature and
nutrient conditions. The mid day LWP strongly correlated with soil moisture content. The
LWP values during the treatment period reached their lowest values between 1200 and
0300 h from measured diurnal trends. Leaf level photosynthetic rate of sweetpotato
declined linearly with decreasing LWP through shrinking of ET-based irrigation regimes.
Both stomatal conductance and transpiration rate also increased similar to photosynthetic
rate with decreasing LWP. Intrinsic water use efficiency of sweetpotato linearly declined
with decreasing LWP. Total chlorophyll content, CMT, and CSI declined with
dehydration of plant associated with declining LWP. In contrast, carotenoid content
increased with declining LWP, which could be considered as a plant defence mechanism
to the photosynthesis mechanism during water deficit stress. Vine length decreased at a
rate of 3.2 cm per unit decrease (% ET) in irrigation treatment. Both node number per
plant and inter-nodal length took the similar trend with plant dehydration associated with
decreasing irrigation treatments. Overall, the declining trends in sweetpotato growth and
development is associated with increasing level of water deficit stress through shrinking
irrigation treatments appears to be limiting both source capacity (leaf area) and
performance (photosynthetic performances) resulting lower biomass yield. Both leaf and
stem biomass declined linearly and root biomass declined quadratically with decreasing
irrigation treatments. The optimum for storage root biomass production was at 72%
whereas total biomass was at 100% ET-based irrigation. Storage root biomass also
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declined slightly at 100% irrigation treatment compare to the optimum. The percentage
declines in total and storage root biomass were 49 and 35% respectively. Marked linear
decline was recorded in biomass partitioned to storage roots with increasing ET-based
irrigation treatments. Storage root production efficiency also declined linearly from 727
to 512 g kg-1with plant dehydration associated with declining irrigation treatments from
100 to 20% ET. The functional relationships developed in this study can be utilized to
optimize soil moisture during mid and late stage of sweetpotato growth, including the
critical storage root bulking period and finally could optimize storage root yield in
sweetpotato. Also, the functional relationships between soil moisture and growth and
development will be useful for sweetpotato crop modelling and field level irrigation
scheduling decisions.
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CHAPTER V
QUANTIFYING STORAGE ROOT INITIATION, GROWTH, AND
DEVELOPMENTAL RESPONSES OF SWEETPOTATO
TO EARLY SEASON TEMPERATURE

Abstract
Temperature impacts several growth and developmental processes in sweetpotato
(Ipomoea batatas L. [Lam]) including storage root (SR) initiation. To quantify early
season growth and developmental responses of sweetpotato, including SR initiation to
temperature, an experiment was conducted using sunlit growth chambers at a wide range
of day/night temperatures, 20/12, 25/17, 30/22, 35/27, and 40/32°C, from transplanting to
59 days using cultivar Beauregard. Growth and developmental rates were estimated from
plants harvested at regular intervals. Total roots and SR numbers recorded at each harvest
were analyzed by fitting sigmoidal curves to estimate SR initiation rates. With increasing
temperature, SR conversion efficiency increased quadratically with an optimum at
23.9°C. Adventitious and SR development rates were increased linearly and
quadratically, respectively with increasing temperature, and maximum rate of SR
initiation was reached at 29.5°C in 16.7 d. Vine and leaf area growth rates showed
quadratic trends with temperature with optimum rates at 29 and 33°C, respectively.
While quadratic functions best described temperature responses of total, stem, and SR
biomass, the optimum temperatures varied among them as 29.2, 30.1, and 26.5°C,
101

respectively. Leaf biomass, conversely, increased linearly with increase in temperature.
Fraction of biomass partitioned to roots declined linearly and at high temperature it
reduced by 75%, compared to the fraction at SR optimum temperature. The SR
production efficiency declined from 0.43 to 0.08 g SR kg-1 total weight, and dropped
by81% relative to optimum temperature. Quantified responses derived from the
developed temperature-dependent functional algorithms will be useful to develop
sweetpotato crop models and management decisions.
Introduction
Temperature is one of the primary environmental regulators of crop growth,
development, yield, and quality. Crops have basic requirements for temperature to
complete their life cycle or a specific phenophases. Therefore, cardinal temperatures,
minimum, optimum, and maximum, vary among crop species and among the processes
within a species. In addition, temperature extremes (high and low) can have damaging
effects on crop performance (Hasanuzzaman et al., 2013). Over the last century, global
mean surface air temperatures have increased by 0.6°C due to human activity and
continued anthropogenic interference with climate are projected to increase air
temperature by 1.8 to 4.0°C by the end of this century (IPCC, 2007). Such a rise in
temperature and concurrent changes in other weather variables might have a greater
degree of impact on crop production and productivity in future climates.
Sweetpotato, an important root crop in tropical and subtropical regions, is ranked
as seventh major food crop in the world (Ku et al., 2008). Sweetpotato production in the
Southern US as a vegetable crop is a vital agri-business (U.S. Department of Agriculture,
2004) and contributed with more than $500 million to the country’s economy in 2012
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(U.S. Department of Agriculture, 2013). Even though sweetpotato is capable of adapting
to different environmental conditions (Martin, 1988), productivity is constrained by
various abiotic stresses as in many other crops (Boyer, 1982). Villordon et al. (2012)
emphasized that the early-season (first 20 days) growing environment has a direct and
significant impact on storage root initiation and thus final yield. Temperatures at critical
phenophases such as storage root initiation and bulking are more important in governing
the final crop yield. Therefore, temperature stress is one of the most crucial delimiters on
crop growth and development (Wrigley et al., 1994) and causes irreversible damages to
the plant processes affecting final yield.
The consequences to early season fluctuating temperatures to sweetpotato growth
and development are pronounced. In the early stage of root development, sweetpotato
slips forms colorless adventitious roots and those roots become pigmented and begin to
swell through the activity of anomalous secondary cambia inside of the primary cambium
and ultimately develop into storage roots (Noh et al., 2010). Thus, this is a complex
process characterized by the cessation of root elongation, primary and secondary cambia
growth, and increase of radial growth or bulking by increased rate of cell division, cell
proliferation, and cell expansion associated with the deposition of starch (Ravi et al.,
2009). They further highlighted that these multiple processes are mediated by the
interaction of multiple phyto-hormones and coordinated by expression of several genes,
which ultimately are influenced by environmental and soil factors. Among environmental
factors, high air temperature causes reduction in storage root formation and growth
through the changes in phyto-hormones synthesis and activation (Ravi and Indira, 1999)
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and dry matter partitioning and tuber growth in both sweetpotato and potato (Solanum
tuborosum) (Van Dam et al., 1996).
Greater yields depend on an early development of source (leaf area) for optimum
light interception and sink (both initiation and enlargement of storage roots) in
sweetpotato. Apart from the sink organs, enhancement of source organ functions and
capacity are crucial to increase sweetpotato yield. In order to produce high dry matter
production through photosynthesis process, it is important to develop an optimum leaf
area. Also, the photosynthesis process of sweetpotato is sensitive to elevated temperature
(>35°C) (Haldimann and Feller, 2004). According to Indira and Kabberathumma (1988),
three important physiological events in the growth phase of sweetpotato are responsible
for final crop productivity, namely storage root initiation, storage root development, and
storage root maturity. The possible impacts of temperature have not yet been fully
comprehended for most species of root and tuber crops (Miglietta et al., 2000) including
sweetpotato.
Plants changes their biomass allocation pattern (plastic or variable) in response to
different environmental conditions and it is most pronounced in under conditions of
inadequate light, CO2 availability, nutrients, and water availability. The plastic
partitioning pattern of biomass to various plant parts and their interrelationships in
sweetpotato in response to different temperatures regimes are not yet been investigated.
Therefore, the objectives of this study were to quantify the effects of temperature on both
storage and adventitious root initiation, determine the growth and developmental
responses, and develop temperature-specific functional algorithms, which can be used to
develop more realistic crop models for sweetpotato.
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Materials and Methods
Controlled environmental chambers
This study was conducted during the summer of 2010 in sunlit Soil-PlantAtmosphere-Research (SPAR) chambers located at the Rodney Foil Plant Science
Research Center, Mississippi State University, Mississippi State (33° 28´N, 88° 47´W),
Mississippi, USA. Each SPAR chamber consists of a steel soil bin (1m deep by 2 m long
by 0.5 m wide) and a Plexiglas chamber (2.5 m tall by 2.0 m long by 1.5 m wide) to
accommodate root and aerial plant parts, respectively. The Plexiglas transmits 97% of the
visible solar radiation to pass without spectral variability in absorption. More details of
the SPAR units operation and control have been described by Reddy et al. (2001).
Briefly, air ducts located on the northern side of each SPAR unit were connected the
heating and cooling devices in to each unit. Conditioned air was passed through the plant
canopy with sufficient velocity to cause leaf flutter (4.7 km h–1) and was returned to the
air-handling unit just above the soil level. Chilled ethylene glycol was supplied to the
cooling system via several parallel solenoid valves that opened or closed depending on
the cooling requirement. To fine-tune the air temperature, two electrical resistance
heaters provided short pulses of heat, as needed. Chamber air temperature, [CO2], and
soil watering in each SPAR unit, as well as continuous monitoring of environmental and
plant gas exchange variables, were controlled by a dedicated computer system (Reddy et
al., 2001).
Air temperature treatments in each SPAR unit were monitored and adjusted every
10 s throughout the day and night and maintained within set points ± 0.5°C. The daytime
temperature was initiated at sunrise and returned to the nighttime temperature 1 h after
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sunset. The [CO2] in each SPAR unit was monitored and adjusted every 10 s throughout
the day, and maintained at 400 μmol mol–1. The relative humidity (RH) of each chamber
was monitored with a humidity and temperature sensor (HMV 70Y, Vaisala, Inc., San
Jose, CA) installed in the returning path of airline ducts. The vapor pressure deficits
(VPD) in the units were estimated from these measurements as per Murray (1967) and
presented in Table 5.1.
Plant culture and temperature treatments
Slips of sweetpotato cultivar, Beauregard (B14) (Rolston et al., 1987) were
transplanted in 2-L plastic pots (17 cm diameter and 16 cm height) filled with fine sand.
Thirty three pots, 11 rows and 3 pots row-1, were used for each temperature treatment to
facilitate five harvests. Pots were arranged in the SPAR chambers as a completely
randomised design. Six plants were harvested at weekly intervals starting at 8 DAT until
4th harvest and nine plants were harvested at 59 DAT. After each harvest, the rows were
adjusted make it equal spacing among rows.Five day/night temperature treatments, 20/12,
25/17, 30/22, 35/27, and 40/32°C, were imposed from transplanting to 59 DAT. The set
and measured temperatures are presented in Table 5.1. An evapotranspiration-based
irrigation was used to supply full-strength Hoagland’s nutrient solution (Hewit, 1952)
delivered at 8:00, 12:00, and 17:00 h to ensure optimum nutrient and water conditions for
plant growth through an automated and computer-controlled drip irrigation system. The
excess solution was drained through the holes in the bottom of the pots and the SPAR soil
bins. Variable density shade clothes (Hummert Seed Co., St. Louis, MO),placed around
the edges of plants at transplanting, were adjusted regularly to match plant heights,
simulating the radiation attenuation through the canopy natural shading by other plants.
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Table 5.1

The set treatments and measured day, night, and average temperatures, chamber [CO2], and daytime and nighttime
vapor pressure deficit (VPD) during the experimental period for each treatment.
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† The values are mean ± standard error of 59 days of the experimental period
‡ Numbers within a column followed by different letters are significantly different (P=0.05)

Growth and developmental measurements
Main vine length, from the soil level to the recently opened main vine leaf, and
the number of nodes (leaves) at each harvest were determined on six replicated plants
harvested randomly at each treatment. Leaf area was measured from each plant at every
harvest using LI-3100 leaf area meter (LI-COR, Inc., Lincoln, NE). Also, stems, leaves,
and roots were separated from each plant harvested and dry weights of those plant parts
were determined by drying in an air forced oven for 72 h. Based on the biomass yields,
storage root production efficiency was calculated as a percentage of storage root biomass
(g) to total biomass yield (kg).
Storage root identification and determination of root initiation rates
Roots from each plant were separated, washed with water and numbers of total
and storage roots were counted. Identification of storage roots was determined based on
anatomical features and visual observation. Cross sections of adventitious root samples
were taken and prepared for anatomical observations through freehand sectioning and
staining with Safranine and Toluidine blue as described by Eguchi and Yoshida (2008).
Root cross section samples were taken from a 3 -cm section located 7 to 10 cm from the
proximal end. After staining, the development of anomalous cambia around primary and
secondary xylem tissues was identified as described by Villordon et al. (2009).
Accordingly, the identification of storage roots was performed based on the appearance
of anomalous cambia in the stelar region, which stained very lightly, and non-storage
roots based on lignified stele section which stained dark in color. After about 20 DAT,
storage roots were already visible by bulking of the adventitious roots and identification
was carried out visually. Anomalous primary cambia developed around the central meta108

xylem cells and proto-xylem elements and anomalous secondary cambia developed
around secondary xylem elements (Wilson and Lowe, 1973) were collectively referred as
anomalous cambium in our study, and also by Villordon et al. (2009). The numbers of
storage and non-storage roots per plant were recorded in every harvest based on the
above criteria.
Curve ﬁtting procedure for storage root development-time
The numbers of storage roots developed (Y) over each harvesting time (t),
measured by DAT (d) during the experimental period were fitted to a 3-parameter
sigmoidal function (Eq. 5.1) using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA)
as described by Gajanayake et al. (2013).
[Eq. 5.1]
Maximum storage root numbers (MSRN) at a given time (t), the shape and steepness of
the curve, and the time to develop 50% of MSRN (t50) were estimated using sigmoidal
functions. The MSRN and the reciprocal of time to develop 50% of maximum numbers
of storage roots (storage root development rate [SRDR]) were used for further data
analysis.
Determination of maximum storage root numbers and storage root developmental
rates
Both linear and non-linear models were used to analyze MSRN and SRDR
responses to temperature treatments. The best models were determined based on the
overall highest coefficient of determination (R2) and the least root mean square error
(RMSE) values. Linear and quadratic equation estimates for each replicate of the
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treatment and cultivar were estimated by the non-linear regression procedure, PROC
NLIN (SAS Institute Inc., Cary, NC), using a modified Newton Gauss iterative method.
Based on these criteria, the linear model best described both the time to 50% total
root formation and rate of total root development responses to temperature
treatments.While, quadratic function best described MSRN,time to 50% storage root
formation, and storage root development responses to temperature treatments. The
estimated MSRN’s for each temperature treatment using Eq. 1 were used to generate the
responses of MSRN against different temperature treatment. Also, the estimated time to
50% storage root initiation for each temperature treatment using Eq. 1 was used to
estimate the time function. Using the time function, the temperature treatment level,
which shows minimum time to form storage roots, was determined. The storage root
initiation rate calculated as the reciprocal of estimated time to 50% storage root initiation
for each temperature treatment was used to estimate the rate function. Similar to the time
function, the temperature treatment level, which show maximum rate to form storage
roots (temperature optima) was determined. SigmaPlot 11 was used to plot the
relationships and the non-linear regression procedure PROCNLIN in SAS was used to
estimate the parameters in sigmoidal curves. Similarly, total root numbers at each harvest
were analysed (data not shown) and the time and rate of total root initiation was
determined. Total and storage root numbers and time to 50% of total and storage root
initiations were treated as dependent variables and the temperature treatments as
independent variable.
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Analysis of data
The statistical analysis to examine the treatment effects on all measured
parameters was conducted using one-way analysis of variance procedure of SAS (SAS,
Institute Inc., Cary, NC). Means were separated using Fisher’s protected least significant
difference (LSD; P<0.05) and SigmaPlot 11 software was used for graphical analysis.
The experiment was designed to randomly harvest six plants from each temperature
treatment starting from 8 to 28 DAT at weekly intervals and final harvest at 59 DAT.
There were 34 pots for each treatment to facilitate six replications at each harvest.
Growth measurements at each harvest (vine length, leaf area, node numbers)measured at
five dates were used in deriving association between growth, and developmental
parameters and temperature treatments. The growth and developmental parameters in the
temperature treatments were calculated using the SAS statistical software PROC
ANOVA and the differences among treatments were analysed using Fisher LSD tests at
P=0.05 (SAS institute, Inc., Cary, NC) for all parameters measured at each harvest.
Standard errors of the mean were calculated and presented in tables and figures.
Results and Discussion
This is the first study that quantified the functional relationships of root initiation,
growth, development, and biomass partitioning of sweetpotato in response to a wide
range of temperatures, where the crop is grown today and expected to grow in future
under projected changes in climate. In addition, the plants were grown under sunlit
conditions and the data on the functional relationships will be useful to simulate
sweetpotato growth and development under field conditions similar to data and resulting
model improvements in cotton (Reddy et al., 1997).
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Storage root production time course, initiation rate, and conversion efficiency
A three-parameter sigmoidal function best described the storage root production
time course across temperature treatments (Fig. 5.1). Similar responses were observed for
total root numbers across temperature treatments (data not shown). There were significant
differences among temperature treatments (P< 0.01) of both total and storage root
numbers. The maximum storage root numbers, time to 50% storage formation, and
adventitious root initiation, and storage and adventitious root initiation rate, estimated
from the fitted sigmoidal curves for both total and storage roots were all affected by
temperature treatments (Fig. 5.2A, 5.3A, and 5.3B). Maximum total root numbers
exhibited no significant increase (P> 0.05) with increasing temperature (data not shown).
Having a well-developed root system during the early growth stages of the crop is
extremely crucial for both development of the shoot system as well as for the process of
storage root development of sweetpotato (Martin, 1988).
The establishment of sweetpotato slips in the field after transplanting depends on
their ability to root quickly, and failure to fulfil this requirement could delay the initial
growth and lower the yield or extend the growth duration. Both air and soil temperature
regulates the competition between shoot and storage root growth in sweetpotato (Ravi et
al., 2009; Gajanayake et al., 2013;). Loretan et al. (1994) reported that apart from CO2,
temperature can significantly affect the growth and yield of sweetpotato. In our study, the
maximum storage root number increased quadratically and declined after 25.3°C, with
increasing temperature. A similar trend was observed in storage root conversion
efficiency, however, reached its peak at 23.9°C (Fig. 5.2B). According to Kim (1961),
sweetpotato grown in sand culture with day and night temperatures of 29°C (with16 h
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light) and 20°C (dark), respectively produced higher storage root numbers and biomass
than grown under constant temperature of 29°C under same photoperiod. Similar
observations were made in potatoes, where the number of tubers increased with
increasing temperature from 15 to 23°C and the optimum lied between 15 and 19°C (Van
Dam et al., 1996). Karachi et al. (1988) reported significant differences in time to total
adventitious root initiation, the mean root numbers, and lengths after 10 DAT among
sweetpotato cultivars. Generally, sweetpotato adventitious roots initiate as early as 5 to 7
DAT and they bear anatomical characteristics associated with storage root development
(Belehu et al., 2004). Those roots were not merely feeder or fibrous roots (non-storage
roots), but represent a pool of potential storage roots that accounted around for 87% have
capacity for developing in to storage roots (Villordon et al., 2009). The air and soil
temperature regulates competition between shoot and storage root number of sweetpotato
similar to potato (Nakatani, 1989). Also, soil temperature between 20 and 30°C favor the
formation and growth of sweetpotato storage roots (Spence and Humpries, 1972). In our
study, the maximum storage root number, time to 50% storage and adventitious root
initiation, and storage and adventitious root initiation rates were all affected by
temperature treatments (Fig. 5.2A and 5.2B). Also, the maximum storage root numbers
increased quadratically with increase in temperature up to 25.3°C, and declined with
further increase in temperature (Fig. 5.2A). A similar trend was observed for storage root
conversion efficiency (SRCE), defined as the percentage of storage roots to total
adventitious roots produced with temperature and it reached maximum at 23.9°C (Fig.
5.2B).
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Figure 5.1

Time series analysis of storage root development in sweetpotato, cultivar
Beauregard across five temperature (day/night) treatments

Symbols are observed cumulative storage root data and solid lines are fitted storage root
initiation using a three-parameter sigmoidal function,
Y = MSRN/{1+exp[(-(x-xo)/b]}, where, Y is the numbers of storage roots developed
over each harvesting time, b is the shape and steepness of the curve, and xo is the time to
develop 50% of MSRN and x is the days after transplanting. Each data point is a mean
cumulative storage root number of three individual plants and standard errors of the mean
are shown when larger than the symbols. The 3-prameter sigmoidal functions fitted to
various temperature treatments were significant at P < 0.0001.
Both initiation of storage roots and subsequent growth and development are under
the control of endogenous growth regulators and are regulated by environmental factors.
The rates of total and storage root initiation, showed significant linear and quadratic
increments, respectively, with temperature (Fig. 5.3A).When the temperature increased
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from 17.4 to 36.4°C, time to 50% total root initiation was reduced by 4.5 days. From the
quadratic equation of time function derived for storage root initiation, the estimated time
required to reach 50% storage root initiation was 16.7 d at 29.5°C. Time to 50% storage
root initiation increased from the optimal temperature of 29.5°C with both increasing and
decreasing temperatures (Fig. 5.3A). In potato, higher temperature delayed tuber
initiation and onset of tuber bulking and also smaller fraction of dry matter was
distributed to the tubers (Van Dam et al., 1996). The reduced tuber growth at higher
temperature is related to lower supply of carbohydrates (Burton, 1972). In sweetpotato,
the storage root growth depends on multiple factors namely sink strength, the potential of
leaves to export photosynthates, and the efficiency of photosynthesis of leaves (Keutgen
et al., 2001). In our study, the storage root number decreased at very high temperature.
Similar observations have been observed in potato, where lower number of tubers and
yield at higher temperatures (Bodlsender, 1963).
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Figure 5.2

Effect of temperature on (A) Maximum storage root numbers and (B)
Storage root conversion efficiency in sweetpotato, cultivar Beauregard (B
14)

(storage root conversion efficiency = storage root number / total root number).
Symbols are derived data and solid lines are predicted values of the respective fitted
equations. Bars represent standard errors of the mean (n =6) and are shown when larger
than the symbols.
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Figure 5.3

Effect of temperature on (A) Time to 50% storage root initiation (days) and
(B) rate of storage root initiation in sweetpotato, cultivar Beauregard (B 14)

Rate of storage root initiation is the reciprocal of the time to 50% storage root initiation.
Bars represent standard errors of the mean (n =6) and are shown when larger than the
symbols.
Growth and developmental responses
In our study,both the vine length and addition of leaves increased linearly as
sweetpotato plants aged in all temperature treatments (Fig. 5.4A and B). However, no
marked increase in vine length was observed under very low temperature treatment. Total
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leaf area per plant also showed exponential trend with plant age, except at very low
temperature treatment (Fig. 5.4C). This trend, however, was not significantly different in
high temperature treatments (30/22, 35/27 and 40/32°C). Increase in air temperature
plays a key role in stem elongation, leaf area, and plant biomass (Patel and Franklin,
2009). We observed a quadratic increase (P< 0.01) in vine elongation, leaf addition, and
leaf area expansion rates with increasing temperature (Fig 5.5 A, B, and C). The
metabolic rate of many horticultural plants increased exponentially with increasing
temperature above the range of 25-30°C (Schwarz et al., 2010). The temperature
optimum for vine elongation and maximum leaf area expansion were 30.9 and 29.4°C,
respectively (Fig. 5.5A and B, Table 5.2).The estimated minimum temperature (base
temperature) for vine elongation rate, leaf addition rate, and leaf area expansion rate were
at 16.7, 15.5, and 17.5°C, respectively (Table 5.2). Leaf production or initiation of leaf
primodia is mainly driven by temperature under optimum soil moisture and nutrient
conditions (Miglietta et al., 2000). Fujiwara et al. (2004) reported that leaf development
rate of sweetpotato single node cuttings increased linearly with increasing temperature
under artificial light, except at low temperature of 23°C.
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Figure 5.4

Effect of different temperature on (A) Plant (vine) length (B) Node
number, and (C) leaf area development, from transplanting to 59 days after
transplanting in sweetpotato cultivar, Beauregard, B 14

Bars represent standard errors of the mean (n =6) and are shown when larger than the
symbols.
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Table 5.2

Estimated minimum and optimum temperatures for different plant
parameters of sweetpotato affected by early season temperature treatments,
harvested at 59 days after transplanting.

*Not applicable
During the vegetative growth phase of plants suboptimal temperatures mainly
resulted in slower leaf expansion and initiation rate of new leaves (Schwarz, 2010). In
potato, being a temperature crop, the leaf production accelerate with increasing
temperature and did not show further increase in leaf production at temperatures above
25°C (Kirk and Marshal, 1992). Similar to the suboptimal temperatures, plant growth and
productivity is adversely affected, if they were exposed to supra-optimal temperatures
through a series of complex morphological, physiological, biochemical, and molecular
changes (Wang et al., 2003).
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Figure 5.5

Effect of different temperature on (A) Vine elongation rate, (B) Leaf
addition rate, and (C) Leaf area expansion rate of sweetpotato cultivar,
Beauregard, B 14

Bars represent standard errors of the mean (n =6) and are shown when larger than the
symbols.
In our study, sweetpotato being a tropical crop, leaf area expansion rate and vine
elongation rate started to decline after 33 and 29°C, respectively. Eguchi (2000) found
highest storage root yield, shoot biomass yield, and proportion of dry matter partitioning
to the storage roots at constant day and night temperature treatments of 25, 26, and 24°C,
respectively. The optimum temperatures for rates of vine elongation and leaf expansion
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were 33 and 29.4°C of average day and night temperatures. Furthermore the optimum
root initiation rate and maximum storage root number were observed at 29.5 and 25.3°C
of day night average temperatures, which are higher than the optimum temperatures
highlighted by Eguchi (2000). These changes in temperature optima may be due to the
differences between experimental conditions of day and night alternating temperatures in
our study against constant temperature.
Biomass production and partitioning
Biomass production of sweetpotato, cultivar Beauregard harvested at 59 DAT was
significantly influenced by temperature (Fig.5.6). The dynamics of total, stem, and
storage root biomass yields with temperature treatments were well described by quadratic
models. The optimum temperatures were 29.2, 30.1, and 26.5°C for total, storage root,
and stem biomass respectively (Table 5.2). In contrast, leaf biomass increased linearly
with increasing temperature at a rate of 3.23 g °C-1 at 59 DAT (Fig. 5.6). Both the delay
in the build-up of the crop canopy and interception of irradiance at sub-optimal
temperatures contributed to loss of early crop productivity (Schwarz et al., 2010).
Compared to the other biomass components, storage root biomass yield started to decline
relatively at lower temperature with increasing temperature, and exhibited a 22% decline
relative to the biomass at the optimum (Fig. 5.6). The biomass yield finally ends at 59
DAT with more above ground biomass than root biomass. The estimated minimum
temperatures for sweetpotato total, stem, leaf, and root biomass were 16.9, 17.1, 17.6, and
16.8°C, respectively (Table 5.2). Similarly, Ngeve et al. (1992) reported that sweetpotato
grown at night air temperature lower than 15°C, suppresses storage root formation,
growth, and yield.
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Figure 5.6

Effect of different temperature on biomass production of sweetpotato
cultivar, Beauregard, B 14, at 50 days after transplanting

Bars represent standard errors of the mean (n = 9) and are shown when larger than the
symbols.
The proportion of biomass allocated to stem, leaves, and roots varied across
temperature treatments at 59 DAT (Fig. 5.7). With increasing temperature,we observed a
significant linear decrease in biomass allocation to roots (Fig. 5.7). Sweetpotato grown at
very high temperature treatments (40/32°C), only partitioned about 10% of their total
biomass to economically vital roots compared to more than 50% of total biomass at
average temperature treatments less than 22°C. The proportion of allocation to roots at
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temperature optimum for storage root was 40%. With increasing temperature, the
proportion of total biomass allocated to leaf and stem increased exponentially and
linearly respectively (Fig. 5.7). Therefore, with increasing temperatures, proportion of
biomass partitioned to economically important storage roots significantly declined, and
the above ground biomass increased. Therefore, these results suggest that temperature
higher than 26.5°C temperature had a detrimental effect on the early season growth and
development of the storage roots. Assimilate partitioning has been identified under the
influence of genetic control and also in response to environmental variables such as
temperature (Ingram and McCloud, 1984). According to them in potatoes, the
temperature effects on assimilate partitioning was explained by different temperature
response functions for different tissues. In sweetpotatoes, assimilate produced by
photosynthesis process were partitioned to different organs in proportion to their growth
rates (Somasundaram and Mithra, 2008). The sweetpotato storage root acts as a major
carbohydrate sink (Njiti et al., 2013). In our study, the decreased biomass partitioning to
leaves and stems at optimum temperature for storage roots was apparently due to
increased growth and development of roots, which act as stronger sinks for carbohydrates
in sweetpotato. Further, shoot growth increased at the expense of storage root
(sink)growth, under high temperature conditions. Njiti et al. (2013) reported that
manipulation of sink capacity could enhance sweetpotato yield through assimilate
repartitioning. However in our study, the leaf and stem biomass, which act as both source
and sink increased with temperature. Similar plastic and variable biomass allocation
patterns in response to different temperature conditions and CO2 concentrations were
recorded in cotton (Reddy et al., 1991 and Reddy et al., 1998). Randeni and Caesar,
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(1986) also reported a similar plastic response in assimilate allocation which resulted
decreased tuber growth and increased shoot growth in potato (Solanum tubersum L.) in
response to higher temperature treatments.

Figure 5.7

Effect of different temperature on biomass allocation to various plant parts
in sweetpotato cultivar, Beauregard, B 14, at 50 days after transplanting
subjected to various day/night temperatures

Bars represent standard errors of the mean (n = 9) and are shown when larger than the
symbols.
We also experienced a linear reduction in storage root production efficiency
(SRPE) with increasing temperature. From low (20/12°C) to high temperature (40/32°C)
treatments, SRPE declined from 57 to 10% and root to shoot ratio declined from 1.37 to
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0.18 (data not showed). The rate of photosynthesis declined after temperature optimum
for photosynthesis of 37.9°C which is relatively higher than most other crops (data not
presented). However, the decline in total biomass production started at 29.2°C. The
reduction in total biomass production at very high temperature treatment might be due to
higher respiration rates (not measured) and reduction in photosynthetic capacity (source
limitation) (data not presented). Reddy et al., (1991) reported that the decreased biomass
production above 30/20°C day night temperature conditions was partly due to higher
respiration rates in cotton. The leaf area per plant in our study, increased with increasing
temperature and declined at high temperature treatments (35/27and 40/32°C) at 59 DAT.
Bhagsari and Ashley (1990) reported that the leaf level photosynthesis rate have no
significant correlation with total dry matter production and storage root yield of
sweetpotato. Also, Tanaka (1980) highlighted that the high productivity associated with
dry matter production is regulated by high sink ability. In our study, even though storage
roots were formed at higher temperatures, the growth was inhibited therefore the sink
capacity was reduced significantly. However, we didn’t observea proportional decline in
photosynthesis with increasing temperature treatments (data not presented). Later Osaki
et al. (1996) reported that the high productivity of root crops is associated with the active
root-shoot interaction. In our study, the shoot activity was not restricted with increasing
temperature, though the root activity was declined through hindering the storage root
bulking process resulting low crop yield. Therefore, at higher temperature, the root-shoot
interaction of sweetpotato is disturbed resulting lower storage root biomass yield. Krauss
and Marschner (1984), reported that the reduction in tuber bulking under high
temperature is due to direct inhibition of the conversion of sugars into starch, limited
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assimilate translocation and assimilate influx to the tubers. Krauss and Marschner (1984)
suggested that, in addition to the above factors, inhibition of cell division and /or cell
expansion are responsible for variation in sink growth of potato could be inhibited by
elevated temperature.
In our study, the dynamics of total, stem, and storage root biomass yields with
temperature were well described by quadratic models. The optimum temperatures were
29.2, 30.1, and 26.5°C for total, storage root, and stem biomass, respectively. In contrast,
leaf biomass increased linearly with increasing temperature at a rate of 3.23 g°C-1 (Fig.
5.6). Both the delay in the build-up of the crop canopy and interception of irradiance at
sub-optimal temperatures contributed to loss of early crop productivity (Schwarz et al.,
2010). Compared to the other biomass components, storage root biomass yield started to
decline at lower temperature with increasing temperature and exhibited a 22% decline
relative to the biomass at the optimum (Fig. 5.6). The biomass yield finally ends with
more above ground biomass than root biomass. The estimated base temperatures for
sweetpotato total, stem, leaf, and root biomass were 16.9, 17.1, 17.6, and 16.8°C,
respectively. In agreement of our results, Ngeve et al. (1992) reported that sweetpotato
suppresses storage root formation, growth, and yield at night air temperature lower than
15°C.
Summary and Conclusion
In this study, temperature treatments applied during early stages of sweetpotato
significantly affected crop growth and development. Cumulative storage root
developmental rates exhibited sigmoidal growth patterns across all temperatures, while
storage root developmental rates estimated from those functions showed quadratic trends
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with maximum at 29.5°C in 16.7 days. Temperature optimum for vine elongation and
leaf area expansion rates were 30.9 and 29.4°C, respectively. Leaf addition rate, on the
other hand, increased linearly with increase in temperature. The minimum temperature
for stem, leaf area, and leaf addition rates were 16.7, 15.5, and 17.5°C, respectively
showing process-specific base temperatures. Even though total, stem and root biomass
increased quadratically with temperature, the optimum temperature varied significantly
among the growth processes; 29.2°C total, 30.1°C for stem, and 26.5°C for roots dry
weights. Leaf biomass, on the other hand, increased linearly with increase in
temperature.With increasing temperature, proportion of biomass partitioned to
economically important storage roots significantly declined, and the leaf and stem
biomass increased. The functional relationships developed in this study during the early
stage of sweetpotato growth and development including the critical root initiation periods
can be utilized for sweetpotato crop modelling and planting decisions.
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CHAPTER VI
QUANTIFYING GROWTH AND DEVELOPMENTAL RESPONSES OF
SWEETPOTATOTO MID- ANDLATE-SEASON TEMPERATURE

Abstract
Temperature is one of the crucial environmental variables controlling growth,
development, and physiological processes of sweetpotato (Ipomoea batatas L. [Lam]).
The growth and developmental responses of sweetpotato to a wide range of temperatures
have not been addressed extensively. This study aims at quantifying the effects of
temperature on growth, development, and biomass yield of sweetpotato, cultivar
Beauregard, during mid- and late-seasons. Four day/night temperature treatments, 25/17,
30/22, 35/27, and 0/32°C, were imposed from 17 days after transplanting (DAT) to 91
DAT of slips in four controlled environmental chambers. Growth and developmental
parameters, total, leaf, stem, and storage root dry weights were recorded from plants
harvested at 91 DAT. Vine length and nodes showed sigmoidal and linear patters,
respectively, over time. Vine elongation rate during the linear growth phase and node
addition rate during the whole season increased linearly with rates for node addition was
much steeper than the vine elongation. Internodal length, the product of vine length and
number of nodes, declined linearly with temperature. Temperature optimum for whole
plant leaf area was 26.7°C. Leaf area declined more sharply at higher than at lower
temperatures, relative to the rates at optimum. The total biomass showed a quadratic
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trend with temperature with the optimum at 26.5°C, and declined linearly at higher
temperatures. Temperature optimum for storage root fresh and dry weights were 24.0 and
25.6°C, respectively and storage root fresh and dry weights declined 101.5 g and 13.1 g
1°C-1, respectively from the optimum. The fraction of biomass partitioned to various
plant parts showed quadratic trends. High temperature during mid- and late-seasons
promoted more shoot, but less root biomass, affecting to final yield. The quantified
responses derived from the functional algorithms on growth and developmental
parameters as a function of temperature are vital to make management decisions and to
develop sweetpotato crop model.
Introduction
Air temperature is a principal environmental variable for plant growth and
development. Crops in the future climate will be grown in a much different environment
than today and yield and quality will be altered by changes projected in climate change.
The global mean surface temperature alone are projected to be higher than current
anywhere between 1.4 and 5.8°C by year 2100, depending on the location (IPCC, 2007).
This leads to world crop production to face with great challenges of feeding large number
of people with more affordable incomes demanding quality food and with increasingly
restrained natural resource. Rise in temperature, changes in precipitation patterns and
frequent occurrence of extreme climatic events associated with greenhouse gas emissions
could impact global crop production (IPCC, 2007). Therefore, elevated and changing
temperature have become a major abiotic stress factor, which could offset the beneficial
effects of predicted elevated CO2 concentration associated with global climate change to
crop production (DaMatta et al., 2010). Temperature during the mid- and late-seasons
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causes extensive damages to grain, fruit, and root yield in many crops (Erickson and
Markhart, 2002; Miglietta et al., 2000; Porch and Jahn, 2001; Prasad et al., 2003; Sato et
al., 2002). Also, the warm temperature causes excessive substrate use through higher rate
of respiration (McCree and Amthor, 1982) affecting net CO2 assimilation and supply of
carbon to the storage organs.
Sweetpotato [Ipomoea batatas (L.) Lam.] is an important root vegetable
cultivated in tropical and subtropical regions in the world (Mukhopadhyayet al., 2011).
Globally it is ranked as the seventh major food crop produced annually (FAO, 2009).
Sweetpotato is commercially cultivated in the Southern states and California of the
United States as an important vegetable crop and have become an important agri-business
(USDA, 2004). The crop contributed more than $500 million to the country’s economy in
year 2012 (USDA, 2013). According to Boyer (1982) the average crop productivity in the
USA has subjected to repeated and significant reduction due to a variety of abiotic
stresses. As a tropical crop, sweetpotato is capable of adapting to various environmental
conditions (Martin, 1988), yet production is constrained by various abiotic stresses.
Abiotic stresses at critical phenophases such as anthesis, tuber, and storage root initiation
and bulking are more important to the final crop yield, and the heat stress is one of the
most crucial delimiters on crop growth and development among them (Wrigley et al.,
1994). High and low temperature cause irreversible damages to the plant processes
affecting final yield and quality. The consequences of late- season exposure to high
temperature of potato (Solanum tubersum L.), a major root crop is pronounced as it alters
the growth, development, and final tuber yield (Kooman and Haverkort, 1995).
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Among environmental factors, high air temperature causes reduction in storage
root formation and growth through the changes in phyto-hormones synthesis and
activation (Ravi and Indira, 1999), in addition to the alteration of gas exchange and other
physiological processes. Similarly in potato, elevated temperature significantly lowered
the rates of dry matter partitioning to tubers and their growth (Van Dam et al, 1996).
Altering biomass partitioning of sweetpotato under different temperature regimes has not
yet been fully addressed.
The potential effects of temperature at mid- and late-season have not yet been
broadly addressed for most root and tuber crops species (Miglietta et al., 2000) including
sweetpotato. Also, the storage root growth (bulking) has not been fully quantified against
wide range of temperature treatments during mid- and late-seasons. Further, little
information is available on partitioning of carbohydrates as influenced by temperature
during the bulking stage. The quantitative information on storage root bulking at sub- and
supra-optimal temperatures during late-season is necessary to model the growth and
development of sweetpotato to be used both in the present and future climatic conditions.
Therefore, this study aimed to quantify the mid- and late-season effects of four different
level of temperature on growth, development, biomass production, and assimilate
partitioning of sweetpotato, and to develop functional algorithms for above parameters in
response to a wide range of temperature conditions during mid- and late-seasons.
Materials and Methods
Soil-Plant-Atmosphere-Research facility
This study was conducted during the summer of 2010, from 27 July to 22 October
in four sunlit, controlled environment chambers known as Soil-Plant-Atmosphere132

Research (SPAR) chambers located at the Rodney Foil Plant Science Research Center,
Mississippi State University (33° 28´N, 88° 47´W), Mississippi, USA. Each SPAR
chamber consists of a steel soil bin (1m deep by 2 m long by 0.5 m wide) and a Plexiglas
chamber (2.5 m tall by 2.0 m long by 1.5 m wide) to accommodate root and aerial plant
parts, respectively. The Plexiglas transmits 97% of the visible solar radiation to pass
without spectral variability in absorption. More details of the SPAR units operation and
control have been described by Reddy et al. (2001). Briefly, air ducts located on the
northern side of each SPAR unit were connected the heating and cooling devices in to
each unit. Conditioned air was passed through the plant canopy with sufficient velocity to
cause leaf flutter (4.7 km h–1) and was returned to the air-handling unit just above the soil
level. Chilled ethylene glycol was supplied to the cooling system via several parallel
solenoid valves that opened or closed depending on the cooling requirement. To fine-tune
the air temperature, two electrical resistance heaters provided short pulses of heat as
needed. Chamber air temperature, [CO2], and soil watering in each SPAR units, as well
as continuous monitoring of environmental and plant gas exchange variables, were
controlled by a dedicated computer system (Reddy et al., 2001).
Air temperature treatments in each SPAR unit were monitored and adjusted every
10 s throughout the day and night and maintained within set points ± 0.5°C. The daytime
temperature was initiated at sunrise and returned to the nighttime temperature 1 h after
sunset. The [CO2] in each SPAR unit was monitored and adjusted every 10 s throughout
the day, and maintained at 400 ± 10 μmol mol–1. The relative humidity (RH) of each
chamber was monitored with a humidity and temperature sensor (HMV 70Y, Vaisala
Inc., San Jose, CA, USA) installed in the returning path of airline ducts. The vapor
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pressure deficits (VPD) in the units were estimated from these measurements as per
Murray (1967) and presented in Table 1.
Plant culture and temperature treatments
Slips of sweetpotato cultivar Beauregard (B14) (Rolston et al., 1987) were
transplanted on July 27, 2010 in fine sand of the SPAR soil bins in three rows of three
plants row-1. Plants were grown at 30/22 °C day night temperature until treatments were
imposed. Four levels of day/night temperature treatments, 25/17, 30/22, 35/27, and
40/32°C, were imposed from 17 and continued up to 91 DAT. The mean temperature
(day/night) in different SPAR units were significantly different as in set temperatures and
the deviation between measured and chamber air temperature from the set point were
about ± 0.5 maximum (Table 1). The experimental design included nine replications
(plants) per treatment in four SPAR chambers. Plants were fertigated with full-strength
Hoagland nutrient solution (Hewitt, 1952) through automated drip irrigation system This
system consist of 21 drippers per unit with each dripper emitting 50 mL per minute and
irrigation was based on evapotranspiration measured in each SPAR unit and delived three
times a day, 08:00, 12:00 and 16:00 h (Reddy et al., 2001).
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Table 6.1

The set treatments and measured day, night, and average temperatures, chamber [CO2], and daytime and night time
vapor pressure deficit (VPD) during the 96 d experimental period for each treatment.
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† The values are mean ± standard error of 96 days of the experimental period
‡ Numbers within a column for the same cultivar followed by different letters are significantly different (P=0.05)

Growth and developmental measurements
Main vine length and main vine node numbers were measured using three plants
as replicates. Accordingly, vine lengths and node number of main stem of nine plants
from each treatment were measured weekly from transplanting to 91 DAT. Main vine
length and main vine node numbers measured weekly were plotted against DAT. Main
vine length was best fitted to a 3-parameter Sigmoid function (Eq. [1]). Maximum vine
length (MVL) at a given time (x), the shape and steepness of the curve (b), and the time
to grow 50% of MVL (x0) were estimated using the fitted 3-parameter Sigmoidal
function, at each temperature using SigmaPlot 11.0 software (Systat Software, inc., San
Jose, CA, USA) as described by Gajanayake et al. (2013) for storage root initiation in
sweetpotato.
Y = MVL / {1 + exp [(−x –x0) / b]}

[Eq. 6.1]

The leaf area expansion rate (LAER) was determined as the reciprocal of the time
to develop 50% of MVL. Node addition responses over time were fitted to a linear curves
and the rate was determined from the slope of the curves. Based on the MVL, internodal
length was estimated by dividing vine length by number nodes on main branch.
Total leaf area per plant, measured with the LI-3100 leaf area meter (Li-COR,
Inc.) from nine plants harvested at 91 DAT. Leaf area expansion rate was calculated from
total leaf area per plant. Also, storage root fresh weights measured on nine plants at 91
DAT. Plant component dry weights from nine plants were determined by drying the
material in an air-forced oven for 72 h at 75 °C.
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Analysis of data
Statistical analyses were performed using SAS program (SAS Institute Inc., Cary,
NC, USA, 2003). The temperature effect on all measured parameters was conducted
using one way analysis of variance procedure of SAS. Treatment means were separated
for significance using Fisher’s protected least significant difference (LSD; P < 0.05).
Each temperature treatment had nine plants (replicates). In addition, the non-linear
regression procedure (PROCNLIN) in SAS was used to estimate the vine length over
time using sigmoidal curves. Sigma Plot 11 Software was used for graphical analysis.
Results
Environmental conditions
During the period of experimentation the four average daytime (from 06:00 to
18:00 h) and night time (from 18:00 to 06:00 h) temperature treatments did not
significantly deviate from the set points. The average carbon dioxide concentrations
[CO2] among treatments were not significantly different and daytime and night time
vapour pressure deficits (VPD), however, were significantly different among the
temperature treatments (Table 1).
Vine growth and developmental
The vine growth time course across different temperature treatments as
sweetpotato plants aged was best characterized by three-parameter sigmoidal function
(Fig. 6.1A). Vine growth was not significantly different between 30/22 and 25/17°C
temperature treatments throughout the experimental period (0 to 91 DAT). In temperature
treatments, 40/35, 35/27, and 30/22 °C also vine lengths were not different until 42 DAT.
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However, they were significantly different among those three other treatments after 42
DAT. By 91 DAT, plants grown at 40/32 and 35/27°C were 27 and 15% lengthier,
respectively, than plants grown at 25/17°C treatment. These results suggest that the
period spanning from 10 to 60 DAT (Fig. 6.1A) was critical for main vine growth. Leaf
addition on main vine measured as number of nodes per vine was also significantly and
linearly increased with plant age (Fig. 6.1B).
The critical time period observed for vine growth, as affected by treatments (Fig.
6.1A) was used to estimate the vine elongation rate. Vine elongation rate expressed as a
function of average day night temperature showed a significant and linear relationship
with increasing temperature (Fig. 6.2A). Vine elongation rate increased at a rate of 0.119
cm d-1 per unit (°C) increase in temperature. Node addition rate estimated based on the
number of nodes per vine with plant age increased significantly and linearly with
increasing temperature (Fig. 6.2B). Accordingly, sweetpotato plants initiated almost a
node/leaf in every 2 (0.5 nodes per day) days and 1 leaf every day (1.06 nodes per day) at
the lowest and higher temperature imposed in the experiment, respectively. The mean
internodal length, the product of vine length divided by number of leaves, decreased
linearly with increasing temperature at a rate of 0.125 cm per unit increase temperature
(Fig. 6.1C).
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Figure 6.1

Time series analysis of main vine length (A) and average node numbers in
main vine (B) in sweetpotato, cultivar Beauregard across four temperature
(day/night) treatments (imposed 17 days after transplanting), from
transplanting to 50 days after transplanting

Symbols are observed data and solid lines are fitted vine length growth and node numbers
per main vine against time using a three-parameter sigmoidal function in graph (A) and
(B) respectively.
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Figure 6.2

Effect of temperature on (A) main stem elongation rate (from 17 -60 DAT)
and (B) node addition rate in sweetpotato, cultivar Beauregard (B 14)

Symbols are derived data and solid lines are predicted values of the respective fitted
equations. Bars represent standard errors of the mean (n = 3) and are shown when larger
than the symbols.
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Leaf area growth and developmental
Both whole plant leaf area and total leaf area expansion rate of sweetpotato were
quadratically changed with increasing temperature (Fig. 6.3). However, total leaf area
production was less affected at low temperature treatments (25/17 and 30/25°C). With
increasing temperature both parameters increased and started to decline after optimum
temperature of 26.7°C. At very high temperature treatment (40/32°C), total leaf area
declined by 33% compared to the leaf area at optimum temperature, resulting a smaller
canopy.

Figure 6.3

Effect of temperature on leaf area per plant at 50 Days after transplanting;
total leaf area expansion rate and mean intermodal length (C) from
transplanting to 50 days after transplanting in sweetpotato, cultivar
Beauregard

Bars represent standard errors of the mean (n=3) and are shown when larger than the
symbols.
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Storage root fresh weight, biomass yield, and partitioning
With increasing temperature storage root fresh weight quadratically increased and
started to decrease after reaching its optimum at 24.0°C of average temperature (Fig. 6.4).
Storage root fresh weight decreased by 94% at 40/35°C compared to the optimum
temperature of 24.0°C. However, the decline was very sharp after the 30/22°C treatment.
The differences in total biomass yield among four temperature treatments were
significantly different after 30/22°C temperature treatment and the dynamics of total
biomass was well described by a quadratic model (Fig. 6.5A). With increasing
temperature total biomass increased slightly, reached its optimum at 26.5°C, and then
declined with increasing temperature. Similar quadratic trends were observed in stem,
root, and leaf biomass yields. However, the decline in root biomass was very prominent
than other component biomass yields at very high temperature treatments (Fig. 6.5A).
The optimum temperature values for stem, root, and leaf biomass yields were at 29.2,
25.6 and 26.7°C temperatures respectively (Fig. 6.5A). These values described that root
biomass started to decline comparatively at lower temperature than other components.
Except at 35/27 and 40/32°C temperature treatments, both root and stem biomass did not
significantly different. Also the stem biomass was different only at 40/35°C, compared to
other three low temperature treatments. At the very high temperature treatments,
compared to optimum temperatures biomass yields of stem, leaves, and root decreased by
18.8, 32.4, and 92%, respectively. Storage root production efficiency (SRPE), calculated
as the percentage of gram of storage root to total biomass yield, declined (from 32% to
4%) with increasing temperature from 25/17 °C to 40/32 °C.
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Figure 6.4

Effect of different temperature on storage root fresh weight of sweetpotato
(cultivar, Beauregard) at 91 days after transplanting

Bars represent standard errors of the mean (n = 9) and are shown when larger than the
symbols.
Even though there was a significant variation in storage root fresh weight and
biomass in response to temperature treatments, no significant differences were observed
among the temperature treatments for stage root numbers, where plants produced 5.86
storage roots per plant.
The fraction of biomass allocated to stem, leaves, and roots varied across
temperature treatments at 91 DAT (Fig. 6.5B). In our experiment, a significant quadratic
decline in storage root biomass allocation was observed with increasing temperature (Fig.
6.5B). At very high temperature treatments (40/32°C), only 9% of total biomass was
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allocated to storage roots. However, at low temperature treatments (25/17 and 30/22°C)
more than 35% of total biomass was allocated to storage roots. At temperature optimum
for storage root production (26.7°C), the fraction of allocation to storage roots was 41%.
With increasing temperature, the fraction of biomass allocated to both leaf stem increased
exponentially however, the allocation pattern for leaf was not significantly different (Fig.
6.5B). Therefore, with increasing temperatures, proportion of biomass partitioned to
economically important storage roots significantly declined, and the above ground
biomass increased. These results further suggest that average day and night time
temperature higher than 24.°C had a detrimental effect on the mid and late season growth
and development of storage roots.
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Figure 6.5

Effect of different temperature on biomass production (A) and biomass
partitioning to various plant parts (B) in sweetpotato (cultivar, Beauregard)
grown for 91 days after transplanting at various day/night temperatures

Bars represent standard errors of the mean (n = 9) and are shown when larger than the
symbols.
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Discussion
Understanding sweetpotato growth and developmental responses including
storage root bulking to temperature conditions during mid- and late-season is important to
optimize yield during the crop production. To our knowledge, there are no studies in the
literature that addressed on this important variable, which impacts several growth and
developmental processes of sweetpotato crop under realistic radiation environments. This
is the first study that quantified the functional relationships between sweetpotato growth
and development, including storage root bulking responses to a wide range of
temperature under sunlit conditions. These responses could be valuable for making
management decisions in the field both in the current and future projected climatic
conditions and also crucial for developing sweetpotato crop models. Temperatures altered
the growth and developmental processes significantly resulting altered yield, particularly
at higher temperatures. Sweetpotato as an important root crop in the developing world to
augment food security such altered responses at higher temperature is detrimental in
future projected climatic conditions.
Growth and developmental responses of vine and leaf to temperature
Since, stem extension and leaf addition on all branches have been recognized as
basic phenomena of shoot morphogenesis and growth (Reddy et al., 1997), the regulation
of sweetpotato architecture by diurnal and seasonal changes in temperature is of
importance, particularly with changes projected in future climate (Reddy and Hodges,
2000). Any factor that affects growth and developmental processes of these organs will
affect overall canopy development and finally yield. We found sweetpotato vine growth
is more vigorous in the middle growth phase compared to initial and final growth phases
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(Fig. 6.1A). A three parameter sigmoidal function best described sweetpotato vine length
responses over time across all temperatures. The sharp increase in vine elongation during
middle growth stage observed in our studies corroborate with similar observation in
indeterminate crops such as cotton under optimum temperature and water and nutrient
condition (Reddy et al, 1991).
Unlike vine growth response over time, the cumulative number of leaves
produced on main vines during the entire growing season increased linearly across all
temperatures (Fig. 6.1B) similar to many observations found in similar indeterminate
crops such as cotton (Reddy et al., 1992). In many crops including indeterminate crops
such as cotton, leaf addition will be controlled by temperature, but modulated by carbon
and nitrogen as demand: supply changes as new sinks are developed or when plants are
under stress conditions (Reddy et al., 2002). Therefore, adding leaves to plants slows
down as plants age starting from fruit initiation. In our experiment, adding leaves on
vines did not slows down overtime (Fig. 6.1B) in spite of imposition of temperature
treatments after the initiation of storage roots, which, like in many other crops, act as
major sinks for carbon.
In our study, vine elongation rate, estimated during the linear growth phase of
growth (17 - 50 DAT) and leaf additions rates estimated during the entire growing season
increased significantly and linearly with increase in temperature (R2 = 0.98; Fig. 6.2B).
The rate of leaf addition, however, was much faster than the rate of vine elongation
indicating the sensitivity of leaf development to temperature during the canopy
development in sweetpotato. Internodal length, the product of vine length divided by leaf
numbers, conversely, decreased with increase in temperature (Fig. 6.2C) reflecting the
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influence of temperature on these two important canopy developmental processes, vine
length and leaf development. When sweetpotato plants were grown under constant
temperatures under indoor plant chamber conditions, both vine length and leaf numbers
increased up to 28°C, and declined at 32°C, probably due to carbon stress at those lightlimited conditions (Belehu and Hammes, 2004). The response to temperature by several
horticultural crops reported that crop developmental rates accelerated as temperature
increased (Miglietta et al., 2000), similar to our results in sweetpotato under optimum
water, nutrient, and sunlit conditions.
In addition to vine growth, we observed a linear increase in leaf addition rate with
increasing temperature (Fig. 6.3B). According to Miglietta et al. (2000), leaf production
is mainly controlled by temperature under optimum soil moisture and nutrient conditions.
Similarly, the leaf production of potato increased linearly with increasing temperature
and however, being a temperate crop, it did not further increase its leaf production at the
temperatures above 25°C (Kirk and Marshal, 1992). In cotton also, the mean leaf addition
rate increased with temperature (up to 35/25°C day night temperature) and marginally
declined at 40/30°C (Reddy et al., 1991). Kirk and Marshal (1992) further found that the
temperature coefficient for the rate of appearance of potato leaves as 0.032 leaves (degree
days)-1 using base temperature of 0°C. In our study, sweetpotato leaves appeared at a rate
of 0.036 leaves (degree days)-1 with the base temperature of 7.7°C as a crop with a
tropical origin.
To date, published data on the sweetpotato leaf area responses to wide range of
temperature conditions are unavailable. Increases in canopy leaf area are simulated as an
exponential or nonlinear function of temperature in crop modelling (Fleisher et al., 2006).
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Also, canopy leaf area is utilised to estimate the interception of photosynthetically active
radiation (PAR). The sweetpotato leaf area per plant and total leaf area expansion rate
increased quadratically and both started to decline after 26.7°C of temperature
respectively (Fig. 6.3A and B). At higher temperatures, even though the leaf numbers
were greater, the leaf area per plant decreased as the average leaf size decreased with
increasing temperature (Fig. 6.3A). Similar temperature responses were recorded in
potato where total leaf area decreased at temperatures of >20°C (Fleisher et al., 2006;
Fleisher and Timlin, 2006; Petri, 1963). Being a tropical crop, however, the optimum for
sweetpotato leaf area was greater (26.7°C) than potato. In our study, sweetpotato leaf area
declined by 35% at 40/32°C compared to the optimum temperature. In cotton, the leaf
area per plant declined by 50% at the temperature 40/32°C compared to the optimum at
30/22°C (Reddy et al., 1992). Linear declining in sweetpotato mean inter-nodal length
with increasing temperature was associated with greater rates of node formation at the
elevated temperature. Similar decreasing trend was recorded in cotton above 30/22°C of
day night temperatures (Reddy et al., 1991).
Storage root fresh weight, biomass yield, and partitioning
Storage root formation, enlargement, and starch synthesis of sweetpotato are
favoured at low air temperature (14-22°C), high sucrose content, and adequate soil
moisture (Ravi and Indira, 1999). However, the threshold levels of temperature for
storage root bulking (enlargement) and starch synthesis were not clearly determined. In
our study, the storage root fresh weight was greater at lower temperatures (21-26°C) with
the optimum of 24.0°C and declined very sharply with increasing temperature. According
to Humphries (1967), the realization of ‘tuber’ (storage root) yield after formation
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depends both on the capacity of the shoot system (source) to produce assimilates and on
the development of ‘tubers’ to produce a sink for such assimilates. The storage root fresh
weight declined by 94% at 40/35°C in our study compared to the yield at the optimum
temperature. In potato, the high temperature (37°C) increased the rate of respiration and
inhibited the enzyme activities affecting starch synthesis (Geigenberger at al., 1998). So
the decline in storage root with increasing temperature could be due to the lack of
assimilate supply and inhibition of starch synthesis. Ravi et al. (2009) also discussed the
same issue with similar explanation, where at high temperatures sucrose export/ starch
synthesis in sweetpotato storage roots could be affected resulting low storage root yield.
Both air and soil temperature regulates the competition between shoot and storage
root growth in sweetpotato (Ravi et al., 2009). In our study the total and component
biomass yield varied significantly across the temperature treatments (Fig. 6.5A). The
storage root yield started to decline from 25.6°C, which is the lowest optimum
temperature among other components (Fig. 6.5A). Apart from the CO2 concentration,
temperature can significantly affect the growth and yield of sweetpotato (Loretan, 1994).
Being a temperate tuber crop, the number of tubers in potatoes increased with increasing
temperature from 15 to 23°C and declined after the optimum which lied between 15 and
19°C (Van Dam et al., 1996). According to Spence and Humpries (1972), sweetpotato
storage root formation and subsequent growth is favored when the soil temperature
ranges between 20-30°C. In our study, there was a significant decline in storage root
growth (bulking) at late stages when the night temperature exceeds 22°C. Also, storage
root biomass at very high temperature (40/32°C) was significantly reduced by 92%
compared to the biomass at its optimum temperature. Bulking of storage roots of
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sweetpotato is associated with the increase in cell number due to cell division and
enlargement of cells as of substantial filling with starch (Ravi et al., 2009). Endogenous
growth regulators, which are regulated by environmental variables control storage root
growth and development during the late stages of sweetpotato. Regulation of sweetpotato
storage roots by the growth regulator, cytokinins is discussed by Nakatani and Komeichi
(1991) and Gan et al. (2001). However, the fate of growth regulators, associated with
storage root bulking in response to environmental variables, especially high temperature
has not been studied extensively. In potato, the decline in tuber growth at elevated
temperature is associated with the lower supply of assimilates (Burton, 1972). However,
the reduced tuber growth of potato at elevated temperature is not due to the assimilate
supply but direct inhibition of conversion of sugars into starch (Krauss and Marschner.,
1984). In sweetpotato, three factors, sink strength, the potential of leaves to export
photosynthates, and the efficiency of photosynthesis were highlighted as largely
responsible for the storage root bulking (Keutgen et al., 2001).
In our study, no significant different was found in storage root numbers even
though there was a significant variation in storage root fresh weight and biomass in
response to temperature treatments (data not presented). Early-season growing
environment has a direct and significant impact on storage root initiation and numbers
(Togari, 1950). Also, sweetpotato storage root initiation starts as early as 13 DAT
(Villordon et al., 2012) and that phenophase is crucial as it decides the number of storage
roots formed. In our study, since we imposed the temperature treatments at 17 DAT, we
did not observe any significant difference in storage root numbers.
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Both biomass production and partitioning are crucial processes in determining
crop productivity. Dry matter partitioning varied widely under different temperatures
(Hasanuzzaman et al., 2013). The high temperature effect on biomass partitioning is
important both in current and future climates, with projected climate change. Biomass
production and partitioning pattern to the storage organs is crucial to understand in
maximizing root yield. In the present study, the component biomass yield at higher
temperature showed a significant variation and the sharp drops in total and storage root
biomass at very high temperature (40/35°C) was prominent. Generally, assimilate
partitioning to plant components is proportion to the plant growth rate (Somasundaram
and Mithra, 2008), and our results correspond with such a pattern.
When the temperature increased from 30/22°C to 40/35°C, the percentage
partitioned from total biomass to roots declined from 32 to 3.8%, however in stem and
leaf, it increased from 41 to 62% and 30 to 34% respectively (Fig. 6.5B). In a pot
experiment with 4 peanut (Arachis hypogaea) genotypes, with varying heat tolerance
were grown at two day/night temperatures, 28/22 and 38/22°C, and high temperature
reduced total biomass by 20 to 35% and seed dry weight by 23 to 78% (Craufurd et al.,
2002). In our study we also observed a significant decline in reproductive organ biomass.
According to Njiti et al. (2013), sweetpotato storage root acts as a major carbohydrate
sink. However, under high temperature conditions, improved growth of shoots increase
the above ground sink capacity, thereby restricting assimilate supply to roots. In our
study, the shift in biomass allocation to storage roots at elevated temperature was
explained using SRPE. In our study, the SRPE declined from 32 to 6.5% from low
(25/17°C) to high temperature (40/32°C) treatments. Similar shift in assimilate allocation
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resulting decrease in tuber growth rate and increase in shoot growth rate of potato at
elevated temperature was highlighted by Randeni and Caesar (1986).
In potato, the reduction of tuber bulking at elevated temperature is mostly due to
the direct inhibition of the conversion of sugars into starch and lesser contribution from
the limited assimilate influx to the tubers. (Krauss and Marschner, 1984). Therefore the
reduction in storage root yield in sweetpotato at higher temperature could be due to the
heat induced impediment (obstruction) of starch accumulation at storage roots bulking.
Such obstruction in starch accumulation in storage roots could be due to multiple reasons.
The assimilate translocation to the sink can also be inhibited under high temperature
condition resulting limited assimilate influx into the storage roots. However, Mohabir et
al. (1988) reported that assimilate transport into the amyloplast and subsequent steps in
starch biosynthesis are not responsible for the inhibition of starch synthesis under
elevated temperature conditions in potatoes. In grape vine, variety chardonnay, phloem
transport was not affected by elevated temperature using 14C as a tracer of photosynthesis
(Sepulveda et al., 1986). High respiration rate under elevated temperature condition
could need more assimilates causing lack of assimilate supply to the sink organs and the
starch synthesis could be affected causing reduction in growth of sink organs.
The biomass partitioned to stems, leaves, and roots varied across temperature
treatments and a significant quadratic decline in storage root biomass allocation was
observed with increasing temperature (Fig. 6.5B). With increasing temperature, the
fraction of biomass allocated to leaf and stem increased exponentially however, the
allocation pattern for leaf was not significantly different (Fig. 6.5B). Therefore, with
increasing temperatures, proportion of biomass partitioned to storage roots significantly
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declined, and the above ground biomass increased similar to early season temperature
responses. Ingram and McCloud (1984) highlighted that assimilate partitioning is under
genetic control and also in response to environmental variables such as temperature. They
further found that in potato, there were different temperature response functions for
different tissues on assimilate partitioning. In sweetpotato, assimilates produced through
photosynthesis process were partitioned to different organs in proportionto the growth
rates (Somasundaram and Mithra, 2008). The sweetpotato storage root acts as a major
carbohydrate sink (Njiti et al., 2013). The decreased biomass partitioning to shoots at
mid- and late-seasons at optimum temperature for storage roots was apparently due to
increased growth and development of roots, which act as stronger sinks for carbohydrates
in sweetpotato. The shoot growth increased at the expense of storage root (sink) growth,
under high temperature conditions. Manipulation of sink capacity as reported by Njiti et
al. (2013) could enhance sweetpotato yield through assimilates repartitioning. We
observed that the leaf and stem biomass, which act as both source and sink, increased
with increasing temperature. Comparable with our results, a plastic response in assimilate
allocation with decreased tuber growth and increased shoot growth in potato in response
to higher temperature treatments was recorded by Randeni and Caesar (1986). Also,
similar plastic and variable biomass allocation patterns in response to different
temperature conditions (Reddy et al., 1991) and CO2 concentrations have been reported
in cotton (Reddy et al., 1998).
Summary and Conclusions
In this study, temperature effects on mid- and late-season sweetpotato growth and
developmental responses were quantified under optimum water and nutrient conditions.
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Vine length and nodes showed sigmoidal and linear patterns respectively over time at
each temperature. Vine elongation rate estimated during the linear growth phase and node
addition rate during the whole season, increased linearly with temperature with rates for
node addition was much steeper than the vine elongation. Internodal length, the product
of vine length and number of nodes, declined linearly with temperature. Temperature
optimum for whole plant leaf area was 26.7°C. Leaf area declined more sharply at higher
than lower temperatures, relative to the rates at optimum temperature.
Total, stem, and root biomass increased quadratically with increasing temperature
and the optimum temperature varied significantly among the growth processes; 26.5°C
total, 29.2°C for stem, 26.7°C for leaf, and 25.6°C for roots dry weight. Root fresh and
dry biomass started to decline comparatively at lower temperature (24.0 and 25.6 °C
respectively) than other components, the rates of decline for fresh and total storage
weights were 101.5 g and 13.1 g 1°C-1, respectively from the optimum. Together with
significant differences that occurred in the plant growth and development against
different temperature treatments, more marked differences were recorded in fraction of
biomass partitioning to storage roots with increasing temperature. The proportion of
biomass allocated to roots at temperature optimum for storage root was 41%. Our results
suggest that, temperature higher than 24.0°C had a detrimental effect on the mid- and
late-season growth and development of storage roots. The functional relationships
developed during the mid- and late-stages of sweetpotato growth and development
including the important phenophase, storage root bulking can be utilized to develop
sweetpotato crop model and making planting decisions based on prevailing and projected
weather information.
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CHAPTER VII
GENERAL SUMMARY AND CONCLUSION

Soil moisture and temperature stressors are among the two most pivotal abiotic
stressors influencing crop growth, development and productivity including sweetpotato.
A comprehensive understanding of the impact of wide range of soil moisture and
temperature is critical in evaluating the impact of variability in the climate in crop
production both in the present environment and also predicted warmer and drier future
climatic conditions.
The general objective of this dissertation was to quantify sweetpotato responses to
temperature and soil moisture treatments, both at early- and late-seasons. To fulfill these
general objectives, four different experiments were conducted in sunlit plant growth
chamber and greenhouse environments. In experiment I, sweetpotato storage root
initiation and early-season growth in response to a wide range of soil moistures were
evaluated in two cultivars (Beauregard and Evangeline) in greenhouse environment. In
Experiment II, sweetpotato growth, physiology and development were evaluated under a
wide range of soil moistures during storage root growth and bulking process (Late
season) in the sunlit plant growth chamber environment. In Experiment III, sweetpotato
storage root initiation and early-season growth in response to a wide range of
temperatures were evaluated in sunlit plant growth chambers. In Experiment IV,
sweetpotato growth, development, physiology, and storage root development and bulking
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responses to temperature were evaluated under optimum water nutrient conditions in the
sunlit plant growth chambers.
Soil moisture deficit effects on early- and late-seasons studies: Experiment one
(discussed in chapter 2 and 3) was conducted in a greenhouse with the aim quantifying
the effects of different levels of soil moisture on sweetpotato storage root initiation,
growth, developmental, and physiological responses and to develop functional
relationships between processes and soil moisture deficits for crop modeling using two
cultivars, Beauregard and Evangeline. Five levels of soil moisture treatments, 0.256,
0.216, 0.164, 0.107, and 0.058 m3 m-3 of VWC, were imposed using sensor-based soil
moisture monitoring and semi-automated programmed irrigation, from transplanting to
50 DAT. Midday LWP of sweetpotato declined linearly with decreasing soil moisture
levels. The photosynthetic rate also declined linearly in Beauregard and quadratically in
Evangeline with decreasing soil moisture. Both cultivars had a close association between
photosynthetic rate and stomatal conductance over the soil moisture treatments,
suggesting that stomatal closure is a key limitation for the drop in photosynthesis.
Chlorophyll concentration was significantly lower at extreme soil moisture deficit
conditions. Significant difference was found in water-use efficiency between the cultivars
and among moisture treatments. Rate of storage root development of both cultivars
showed a quadratic decline with decreasing soil moisture levels. Cultivars differed in
time to 50% storage root initiation and the storage root developmental rate. Soil moisture
optima for storage root initiation were 0.168 and 0.199 m3 m-3 of VWC, equivalent to 63
and 75% field capacity for cultivars Beauregard and Evangeline, respectively. Rates of
vine elongation and leaf addition of Evangeline decreased more rapidly than Beauregard
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with declining soil moisture. Also with decreasing soil moisture, the shoot biomass
declined more rapidly than root biomass. The results showed that maintaining soil
moisture closure to field capacity (0.256 m3 m3 of VWC) during early season is
beneficial for early development of both root and shoot system and thus better crop
performance.
Experiment two (discussed on chapter 4) was conducted in SPAR chambers with
the aim of quantifying the growth, physiology, biomass, and storage root yield responses
using cultivar Beauregard, under four levels of evapotranspiration (ET) based irrigation
treatments imposed from 41 to 97 DAT (after storage roots formation). Similar to early
season soil moisture responses, the leaf photosynthetic rates decreased linearly with
shrinking irrigation based soil moisture content and both transpiration rate and stomatal
conductance showed similar trends with that of photosynthetic rates. Water use
efficiency, in contrast, increased linearly with increasing soil water deficits similar to
early season responses. Vine length, leaf area, and average node number per plant
decreased linearly with shrinking soil moisture at the rates of 3.2 cm, 96.6 cm2, and 0.39
no. per unit change in irrigation (% ET), respectively. The storage root numbers produced
were not markedly affected as treatments were imposed after storage roots were formed.
The biomass productivity was significantly affected by different irrigation treatments.
Both leaf and stem biomass decreased linearly and storage root biomass quadratically
with shrinking soil moisture. The optimum soil moisture for storage root biomass was
70% ET, and less assimilates was partitioned to storage roots above that level of soil
moisture treatment. Therefore, maintaining soil moisture less than field capacity during
early season and beyond 70% -ET based irrigation during storage root bulking appeared
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to offer limited advantage to sweetpotato storage root yield. Outcomes of early- and lateseason soil moisture stress research facilitate the producers to adjust their planting dates
based on rainfall patterns or adjust their irrigation to maintain optimum soil moisture
levels and to obtain better yield. The data and the inferences derived from the functional
algorithms developed in these studies are useful for field-level irrigation scheduling, and
planting decisions. Also, researchers could build a model-based decision support system
capable of predicting yields and finally could improve crop productivity.
Early and late-season temperature studies: Experiment three (discussed on chapter
5) was conducted in SPAR chambers with the aim of quantifying early-season growth
and developmental responses of sweetpotato, including storage root initiation to
temperature. Five levels of day and night temperature treatments, 20/12, 25/17, 30/22,
35/27, and 40/32°C, were imposed from transplanting to 59 days, using cultivar
Beauregard. With increasing temperature, storage root conversion efficiency increased
quadratically with an optimum at 23.9°C. Adventitious and storage root development
rates were increased linearly and quadratically, respectively, with increasing temperature,
and maximum rate of storage root initiation was reached at 29.5°C in 16.7 d. Vine and
leaf area growth rates showed quadratic trends with temperature with optimum rates at 29
and 33°C, respectively. While quadratic functions best described temperature responses
of total, stem, and storage root biomass production, the optimum temperatures varied
among them as 29.2, 30.1, and 26.5°C, respectively. Leaf biomass, conversely, increased
linearly with increasing temperature. Fraction of biomass partitioned to roots declined
linearly and at high temperature it reduced by 75%, compared to the fraction at optimum
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temperature. The storage root production efficiency declined from 0.43 to 0.08 g storage
roots kg-1 total weight, and dropped by 81% relative to optimum temperature.
Experiment three (discussed on chapter 6) was also conducted in SPAR chambers
with the objective of quantifying the effect of mid- and late-season temperature on
growth, development, gas exchange, and biomass yield responses of sweetpotato, using
cultivar Beauregard. Four day night temperature treatments, 25/17, 30/22, 35/27,
40/32°C, were imposed after storage roots were formed, from 17 to 91 days after
transplanting (DAT) of slips. Both total leaf chlorophyll content and chlorophyll stability
indices declined linearly with increasing temperature. Cell membrane thermostability
declined linearly, however, carotenoids content increased linearly with increasing
temperature. Photosynthetic responses to increasing temperature elucidated a quadratic
increase and declined after the optimum of 36.7°C. The total and storage root biomass
production was showed quadratic trends with temperature. The optima temperatures for
total and storage root production were 26.1°C and 23.8°C, and declined at higher
temperature. The storage root fresh weight at very high temperature declined 99%
relative to the optimum temperature for storage roots. The leaf and stem biomass
production increased linearly with increase in temperature. The fraction of biomass
partitioned to various parts showed quadratic trends with temperature, the differences
among the temperature treatments were small. High temperature during mid- and lateseasons promoted more shoot, but less root biomass, significantly affecting final yield.
The data obtained and the quantified growth, developmental, and biomass yield
related-responses to temperature and soil moisture will be useful in improving
management decisions such as planting and irrigation scheduling in the field to optimize
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yield. The functional algorithms developed in these four studies can also be used to build
a more realistic sweetpotato crop model similar to the crop models developed to other
crops. Accurate prediction of biomass production and storage root yield could be
estimated by taking input as temperature and soil moisture content after developing the
model. Findings of this study could benefit the sweetpotato industry through the use of
critical information to make management decisions that could ultimately promote
maximum plant growth and root development at the appropriate physiological stage of
the plant’s life cycle.
.
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